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ABSTRACT
Basin A nalysis of the Central Grand W ash trough, NW Arizona: New Insights into
a M iocene Extensional Basin
by
Nathan Robert Suurm eyer
Dr. A.D. Hanson, Examination Comm ittee Chair
Associate Professor o f Geoscience
University of Nevada, Las Vegas
The G rand W ash trough (GWT), a M iocene extensional basin in the Lake Mead
region, had been interpreted by previous w orkers as a rift basin. This study’s objective
was to test this interpretation by analyzing basin deposits using stratigraphie sections,
geologic mapping, and a gravity survey. The results reveal that the structure o f the GWT
and its axial and foot wall derived deposits resem ble those of a rift basin. However, the
basin is too shallow (~1 km) and the hanging wall alluvial fan is larger and coarser
grained than those in previously described rift basins.

Instead, these aforementioned

characteristics are com parable to supradetachm ent basins.

Therefore, in contrast to

previous studies the GW T is interpreted as a hybrid basin that contains features found in
both basin types. Significantly the supradetachm ent-like depositional systems impacted
the location and developm ent o f the rift-like facies.
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CHAPTER 1

INTRODUCTION
Extensional basins are influenced by many different tectonic and non-tectonic
controls. Examples o f tectonic controls include fault geom etry and the isostatic response
o f the lithosphere during deformation (Kusznir et al., 1987). An exam ple o f a nontectonic control is the rate o f erosional denudation o f the foot wall (Leeder, 1991). These
controls develop into a complex network o f feedbacks that influence the way an
extensional system evolves through time (Friedmann and Burbank, 1995). Because of
this com plex nature it is often difficult to separate the effects o f a particular control on an
extensional basin. O ne means to understanding this com plexity is to study the
sedim entary deposits in extensional basins.
Sedim entary deposits in extensional basins can be used to resolve the history o f
faulting, paleogeography, and paleoenvironm ent at the time o f deposition (e.g.. Topping,
1993; Gawthorpe et al., 2003). To facilitate the study o f extensional basins, basin models
have been created that predict the distribution o f facies in a basin. Various models have
been proposed depending on the tectonic environm ent (e.g., the narrow rift basin model
o f Leeder and G aw thorpe (1987) or the supradetachm ent basin model for highly extended
terranes o f Friedmann and Burbank (1995)). These basin models have been developed
through multiple basin analysis studies that have utilized sedim entological, structural, and
geophysical techniques.

The Central Basin and Range province of western North America is one area
where sedim entary deposits and basin models have been useful in ascertaining the
tectonic history (Fig. 1.1). This area was affected by significant amounts of extension
during the Late Cenozoic and is still tectonically active today (W ernicke, 1992).
Numerous basins were created during the Cenozoic that recorded the environmental and
tectonic conditions the region experienced through time. O f particular interest to this
study is the Lake M ead region, located in southern Nevada and northwest Arizona, which
marks the eastern edge o f the Central Basin and Range province (Figs. 1.1 and 1.2). The
study of basin fill deposits in the Lake M ead region has been used to unravel the
com plexity o f the area, most notably the history o f strike-slip faulting (Beard, 1996), the
role of low angle detachment faults (Duebendorfer and Sharp, 1998), the
paleoenvironm ent during the M iocene (W allace, 1999), and the tim ing o f the incision of
the Colorado River (Faulds et al., 2000). This study aims to add to this body of
knowledge by re-exam ining a part o f one particular basin in the Lake Mead region, the
Grand W ash trough (GWT).
The goal o f this study was to use the sedimentary deposits within the GW T to
understand the depositional and tectonic history o f the basin. To best accomplish this
goal the G W T was compared to the rift basin model proposed by Leeder and Gawthorpe
(1987). Previous work in rift basins has led to a good understanding of the relationship
between sedim entation and tectonics in these basins. Therefore, published rift basin
models provide an excellent proxy for developing a tectonic and depositional history for
the GWT.

Hypothesis and Significance
The hypothesis for this study was that the G W T represents a closed, terrestrial rift
basin formed by normal faulting along the Grand Wash fault. This hypothesis is
significant because it allows for a test of previous interpretations o f the G W T and the
accuracy o f rift basin models.
Previous workers interpreted the GW T as a rift basin (Lucchitta, 1966; Wallace,
1999). This is significant because interpreting a basin as a rift basin im plies a specific
depositional and tectonic history for the basin. However, initial work for this project
indicated that this interpretation of the GW T may be at least partially incorrect.
Therefore, this study aimed to test the rift basin interpretation so that a better
understanding of the geologic history of the GW T and the Lake M ead region can be
ascertained.
This study was also significant because it tests the accuracy o f rift basin models in
general. If the GW T was shown to be a rift basin then the rift basin model would be
supported. This would be a significant result because rift basins are not often associated
with formation in areas that have undergone rapid extension, which was the case in the
Lake M ead region. If the hypothesis was shown to be false then an evaluation of the
criteria used for identifying rift basins would be needed. This evaluation would help to
prevent other m isinterpretations o f extensional basins as rift basins. Furthermore, an
alternate basin model would need to be created to explain the tectonic and depositional
features found in the GW T.
Having an accurate rift basin model is important because the depositional styles
w ithin rift basins allow for the preservation of several scientific and econom ic resources,

as outlined by Gawthorpe and Leeder (2000). Rift basins may preserve records o f sea
level and climate changes, which can be used in creating climate models. Strata within
rift basin can give clues to how faults behave and grow. Also, basin deposits may be
reservoirs for hydrocarbons, groundwater, and mineral resources. Therefore, this study
is useful because it not only provides a better understanding of the geologic history o f the
Lake M ead region but also because it improves the current models in use by the geologic
community.

Rift Basin M odel
In order to frame the following chapters better, a general overview o f what the rift
basin model entails is given here. The model is subdivided into rift basins that form in
marine or terrestrial settings, as well as whether the basin has an open or closed drainage
(Leeder and Gawthorpe, 1987). The results o f this study were com pared to the terrestrial,
closed drainage model because it best fits the setting the GW T.
The closed, terrestrial rift basin model, as outlined by Leeder and Gawthorpe
(1987), is shown in Figure 1.3 and its tectonic and depositional features are listed in
Table 1.1. O f particular note is that movem ent on a basin bounding high angle normal
fault forms the basin. M ovem ent on this fault generates accommodation in the basin that
allows for the developm ent o f different depositional systems. Adjacent to the foot wall
of the basin are alluvial fans that are derived from erosion o f the topography created by
movement on the fault. These fans rapidly grade into a playa/lacustrine system in the
center o f the basin. On the hanging wall side o f the basin there are large alluvial fans that
are derived from topography created by the rotation o f the hanging wall. These alluvial

fans also grade into the central playa/lacustrine system.
This study com pared both the tectonic controls and the depositional environm ents
found in the GW T to the rift basin model. In order for the hypothesis to be supported the
sedim entary units in the GW T would have to be sim ilar to those of the rift basin model.
If the G W T contains significant departures from the rift model then the hypothesis will be
refuted.

Location
The GW T, in NW Arizona, is the first basin that the Colorado R iver transects as it
leaves the Colorado Plateau and enters the Basin and Range province. The GW T is
bordered by the Grand Wash Cliffs to the east and by W heeler Ridge, the South Virgin
M ountains, and the Lost Basin Range to the west (Fig. 1.2). This study divides the GW T
into three geographic locations. The northern G W T is herein defined as extending from
the northern tip of the basin to the north shore o f Lake M ead. The central G W T extends
from the south shore o f Lake M ead to the town o f M eadview. The southern GW T
extends from M eadview to the southern end o f the basin adjacent to the Lost Basin
Range. The study area for this project was the central GW T (Fig. 1.2).
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Figure 1.1 - G eologic provinces o f the western U.S. Generalized m agm a-chrons show
position and tim ing o f volcanism in the Basin and Range during the Cenozoic. Modified
from Wernicke ( 1992) and Christiansen and Yeats ( 1992).
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Figure 1.2 - Map o f major faults and other structures in the Lake Mead region.
A bbrevia-tions; CMF - Cerbat M ountains fault, G W C - Grand Wash Cliffs, GWF Grand Wash fault, GWT - Grand Wash trough, HB - Hualapai Basin, MM thrust M uddy M ountains thrust fault, MV - City o f Meadview, NWH - Northern White Hills,
SVW H - South Virgin-White Hills detachment, LMFS - Lake Mead fault system,
LVVSZ - Las Vegas Valley Shear Zone, LBF - Lost Basin Range fault, LBR - Lost Basin
Range, SV - South Virgin Mountains, SWH - Southern White Hills, and WR - W heeler
Ridge. M odified from Beard (1996) and Wallace et al. (2005).
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Figure 1.3 - Terrestrial rift basin model with closed drainage. M odified from Leeder
and G aw thorpe (1987).

T ab le 1.1 - Tectonic and depositional characteristics o f rift basins (Leeder
and Gawthrope, 1987)
Tectonic
Subtle angular unconform ities.
D epocenter close to basin bounding fault.
Basin center or hanging wall depositional system.
Basin fill thickness ranges from 6-7 km but can be as thick as 16 km.
Form in areas with < 20% extension.
Low rates o f extension (0.2 - 07 km/M a).
Depositional
D eposition controlled by a basin bounding high angle normal fault.
Basin subsidence is the prim ary depositional control.
Coarse debris has a hanging wall, or som etim es axial, provenance signature
M inor fans and fan deltas derived o ff foot wall scarp.
Later stages o f basin dom inated by lacustrine system.
Sedim ent accumulation rates < 0.5m /ka
Few m ass-w asting deposits.

CHAPTER 2

GEOLOGIC SETTING
Regional Geologic Setting
The GW T is a part o f two regional geologic provinces, the Central Basin and
Range and the Colorado River extensional corridor. During the Cenozoic, western North
America went through a period o f extension and magmatism, the result o f complex
interactions between several tectonic factors (for an in depth discussion see Sonder and
Jones, 1999). The history o f extension can be divided into three different geographic
provinces; the Northern, Southern and Central Basin and Range (Fig. 1.1). Extension and
magmatism began in the Northern Basin and Range between 55 - 45 Ma in northern
N evada and southern Idaho and proceeded to sweep to the southw est (Fig. 1.1). The
onset o f extension in the Southern Basin and Range was more variable (43-25 M a), but
progressively moved northward (Sonder and Jones, 1999). Both o f these provinces were
tectonically sim ilar with m agmatism occurring before extension and basin formation.
Between 2 0 - 1 6 Ma, converging extension, from both the Northern and Southern Basin
and Range, reached the Central Basin and Range (Sonder and Jones, 1999). Extension in
the Central Basin and Range prim arily occurred between -1 6 -1 0 Ma, but the area is still
tectonically active today (D uebendorfer et al., 1998; Sonder and Jones, 1999). The
province is characterized by large am ounts of extension, for exam ple W ernicke et al.
(1988) estim ated extension to be >250% . Despite significant extension there has been
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only minor volcanism compared to the Northern and Southern Basin and Range
provinces (Sonder and Jones, 1999). The G W T lies along the eastern boundary o f the
central Basin and Range province (Fig. 1.1).
The GW T is also within the Colorado River extensional corridor, which extends
from Las Vegas to the G rand Wash Cliffs in the north and to the U.S. - M exico border in
the south (Howard and John, 1987). The Colorado River extensional corridor contains a
series of low angle detachm ent faults that end at a structural accommodation zone 30 km
south o f the Lake M ead region (Faulds et al., 1990). The area underwent 75 to 100%
extension between -1 6 and 8 Ma (Faulds et al., 1990). Numerous basins were formed as
the result of movement on low angle faults, which then filled with sedimentary and
extrusive volcanic rocks (Faulds et al., 2001).

Structure o f the Lake Mead Region
Three major structures influenced the evolution of the Lake Mead region; these
include the Kingman uplift, the South V irgin-W hite Hills detachment fault (SVWH), and
the Lake Mead fault system. The Kingman uplift was a structural arch that formed before
or during the Laramide O rogeny (Figure 2.1) (Lucchitta, 1966; Beard, 1996). This
structure formed a topographic high that was centered in the present day southern Lake
Mead region including the eastern-m ost extent of the Grand Wash Cliffs (Young, 1985).
The center of the uplift was composed of Precam brian igneous/metamorphic rocks, which
were overlain by a Paleozoic-M esozoic sedim entary section similar to that on the
Colorado Plateau. Paleocurrent indicators from sedim entary units deposited during the
Oligocene-early M iocene show a predom inant flow direction to the NE (Figure 2.1)
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(Bohannon, 1984). This implies that the Kingman uplift in the area had a NE facing
slope with drainages that flowed from the Lake Mead region into southern U tah (Beard,
1996). Once extension began the Kingman uplift was tectonically dism em bered (Beard,
1996). A remnant o f the Kingman uplift is exposed along W heeler Ridge and the Lost
Basin Range, w here exposures o f progressively younger lithologies from south to north
correspond to the central to distal portions o f the uplift, respectively (Lucchitta, 1966).
Faults exposed in the South Virgin M ountains are divided here into two structural
entities: the South Virgin-W hite Hills detachment fault (SVW H) and the large-offset
normal fault system of the South Virgin M ountains. Although these two structures are
parts o f the same system they both had unique influences on the eastern Lake M ead
region and are described here as individual structures. The SVW H extends from the
western side o f the South Virgin M ountains to the southern White Hills (Fig. 1.2) and is a
com posite of the Lakeside M ine, Salt Spring, and Cyclopic M ine faults (Duebendorfer
and Sharp, 1998). The SVW H is a low angle normal fault (dips as low as 7°) with top to
the west displacement (Duebendorfer and Sharp, 1998). The am ount of displacem ent on
this fault is variable along strike with as much as 17 km o f slip in the South Virgin
M ountains, which decreases to 5-6 km o f slip in the W hite Hills (D uebendorfer and
Sharp, 1998; Price and Faulds, 1999).
The large-offset normal fault system in the South Virgin M ountains is a series
listric noiTnal faults that prim arily deform the Paleozoic/M esozoic strata found north and
east o f the Gold Butte block (Brady et al., 2000). The larger faults in this system are
displayed on Figure 2.2 and include the W heeler Ridge and Grand W ash faults. Offset
on these faults range from 1 to 15 km and are associated with numerous secondary faults
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and some roll-over folds (Figure 2.3) (Brady et al., 2000). The large offset on this system
occurred through the interaction of primary and secondary faults in such a manner that
many of these faults were rotated to subhorizontal dips while still actively moving.
The SVW H and the normal fault system in the South Virgin M ountains are
interpreted as having initiated at the same time (Brady et al., 2000). Tim ing o f movement
on these structures has been constrained to betw een -1 6 to 14 M a by analysis of basins
associated with the faults (D uebendoifer and Sharp, 1998; Beard et al. 2005). The effects
o f these tw o structures include the unroofing and isostatic uplift of the Gold Butte block,
dism em berm ent o f the Kingman uplift, formation o f the Frenchman M ountain block, and
the formation o f alm ost all o f the extensional basins in the area, including the GWT
(Fryxell et al., 1992; Brady et al., 2000; Fryxell and Duebendorfer, 2005).
The Lake Mead fault system is a group o f NE striking, left lateral strike-slip faults
that extend from western Lake M ead to the C olorado Plateau (Fig. 1.2) (Bohannon,
1984). Up to 60 km o f slip has been estimated for the Lake M ead fault system
(Longwell, 1974), with the majority o f slip occurring between 16 to 8.6 Ma
(D uebendorfer et al., 1998). The Lake Mead fault system created, as well as
dism em bered, several sedimentary basins during this time (Beard, 1996).

Structure o f the GW T
The G W T has been interpreted as an east tilted half graben that formed
synchronously with m ovem ent on the SVW H fault (Lucchitta, 1966; Brady et al., 2000).
The three basin bounding faults that controlled the development o f the GW T are the
G rand W ash, W heeler Ridge, and Lost Basin Range faults. The former two are
associated with the normal fault system in the South Virgin M ountains, while the latter is
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associated with the SVW H. All three are normal faults that have down to the west
displacem ent and are interpreted to be listric (Longwell, 1936; Price and Faulds, 1999;
Brady et al., 2000). The Grand W ash fault is at the base o f the G rand W ash cliffs and
defines the eastern boundary o f the GW T. The Grand W ash fault is interpreted to be the
prim ary fault that created the half-graben basin that is the G W T (Fig. 2.3.a) (Lucchitta,
1966). Isotopic ages o f syntectonically tilted strata within the G W T indicate that the
Grand W ash fault was active between 15.2 to 13.9 Ma (Faulds et al., 2000).
Faults on the western edge o f the GWT are the W heeler Ridge and Lost Basin
Range faults. These faults are connected via a relay ramp in the central GW T and are
believed to have sim ilar histories (W allace et al., 2005). The W heeler Ridge fault
extends from the central G W T to the northern end o f the basin w here it merges with the
G rand W ash fault. This fault was active, along w ith the other m ajor faults in the South
Virgin M ountains and G W T (Brady et al., 2000), between 16-14 M a. A second episode
of m ovem ent occurred between - 1 3 - 4 . 4 Ma, which created a small half graben called
the G regg Basin (W allace et al., 2005). Offset o f strata in the G regg Basin and the GW T
indicate that -2 7 5 m o f displacement occurred during the final m ovement on the W heeler
Ridge fault. The Lost Basin Range fault extends from the central GW T to the southern
tip o f the basin where it is believed to merge with the southern Grand W ash fault (Price
and Faulds, 1999). Tim ing of movement on the Lost Basin Range fault is assumed to be
synchronous with the W heeler Ridge fault because the form er is also associated with the
formation o f G regg Basin (W allace et al., 2005).
Lucchitta (1966) interpreted the GWT as a 5 km deep half graben that was
bounded by only the G rand W ash fault. However, recent structural analysis of the South
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Virgin M ountains and the G W T by Brady et al. (2000) hypothesized the presence o f two
or more intrabasinal faults in the subsurface of the GW T (Fig 2.3.b) and asserted that the
model of Lucchitta (1966) could only be correct if the bedding cut off angles for the
Grand W ash fault are greater than 90°, which is structurally impossible (Brady et al.,
2000). To solve this problem Brady et al. (2000) hypothesized the existence o f two or
more west dipping, listric faults between W heeler Ridge and the G rand Wash Cliffs.
However, there is no surficial evidence for the existence of these faults so Brady et al.
(2000) hypothesized that they are covered by younger basin fill o f the GWT.

Geologic Units in the Lake M ead Region
Proterozoic Igneous and M etaniorphic Units
Proterozoic igneous and metaniorphic rocks are exposed in several locations in
the eastern Lake Mead region (Fig. 2.2). The m ajority o f these lithologies are located in
the Gold Butte block in the South Virgin M ountains. The lithologies in the Gold Butte
block can be divided by age into an older country rock and younger intrusive bodies. The
older lithologies are prim arily orthogneiss and garnet gneiss with som e ultramafic
lithologies and leucogranite. T he metaniorphic event that formed these rocks has been
dated at 1.7-1.8 G a (W asserburg and Lanphere, 1965; Bennett and DePaolo, 1987).
These lithologies are intruded by the younger Gold Butte Granite, dated at 1.45 Ga
(Silver et al., 1977). The Gold Butte Granite has a distinctive rapakivi texture and
exposures of it are zoned in megacryst abundance (Volborth, 1962; Fryxell et al., 1992).
Therm obarom etry and geologic mapping o f the Gold Butte block indicate that it may
represent a 15 km crustal section that was unroofed by the SVW H (Fryxell et al., 1992).
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A patite fission track analysis on the block indicates that this unroofing occurred -1 5 Ma
(Fitzgerald et al., 1991). As a result o f the unroofing event, garnets on the western edge
of the Gold Butte block have retrograded to chlorite (Fryxell et al., 1992).
Other exposures o f the Proterozoic igneous and metamorphic rocks occur in the
southern W heeler Ridge and the Lost Basin Range. Along W heeler Ridge there is a 0.5
by 2 km block o f Proterozoic granitic gneiss and am phibolite that was exposed by
m ovem ent on the W heeler Ridge fault (Brady et al., 2002). The Lost Basin Range is
com posed of Proterozoic aged lithologies that are strongly foliated and include diabase,
granitic gneiss, gabbro, am phibolite, and orthogneiss (W allace et al., 2005).

Paleozoic and M esozoic Sedim entary Units
Unconformably overlying the Proterozoic crystalline units is a 2.5-3.5 km thick
succession o f Paleozoic and M esozoic sedimentary rocks (Brady et al., 2000). These
strata make up the majority o f the eastern South Virgin M ountains, W heeler Ridge and
the G rand W ash Cliffs (Fig. 2.2). This succession has been subdivided into four
sequences, with the lower two sequences being dom inated by Cam brian to Middle
Permian carbonate rocks and the upper two sequences being dom inated by Middle
Permian to Jurassic clastic rocks (Brady et al., 2000).

Cenozoic Sedimentary Units
Throughout the M iddle to Late M iocene, extension in the Lake Mead region
created several basins that recorded the pre-, syn-, and post-tectonic phases of the area.
G eneralized stratigraphie columns for these basins are shown on Figure 2.4. The
sedim entary units of particular interest to this study are discussed below and include the
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Horse Spring Formation, the red sandstone unit o f Bohannon (1984), the M uddy Creek
Form ation, strata in the Hualapai basin, and strata in the W hite Hills basin.
The Oligocene-M iocene Horse Spring Formation is the oldest Cenozoic unit in
the Central Basin and Range, and in the GWT. It is divided into four members: the
Rainbow Gardens, Thum b, Bitter Ridge, and Lovell Wash members (Fig. 2.4.a)
(Bohannon, 1984). The latter two only crop out on the western side o f Lake Mead and
will not be discussed here. The Rainbow Gardens M ember crops out throughout much of
the Lake M ead region including the GW T (Bohannon, 1984). Deposition of the Rainbow
Gardens M em ber occurred between 28-18 Ma in a fluvial and lacustrine setting that later
evolved into a palustrine system (Figs. 2.4.a and d) (Bohannon, 1984; Beard, 1996). The
Rainbow Gardens m ember is interpreted as having been deposited in a pre-extensional
basin associated with the Kingman uplift (Bohannon, 1984). The onset of faulting on the
Lake M ead fault system is marked by an unconformity between the Rainbow G arden and
Thum b m em bers (Figs. 2.4.a and d) (Beard, 1996). The Thum b m ember is characterized
by com plex facies relationships that range from playa-lacustrine to landslides deposits
(Bohannon, 1984; Beard, 1996). Deposition o f the Thum b has been bracketed between
16-14 M a (Beard, 1996). The Thum b member is interpreted as recording the progressive
normal and strike-slip faulting on the Lake Mead fault system (Bohannon, 1984; Beard,
1996).
Above the Horse Spring Formation is the informally named red sandstone unit of
Bohannon (1984) (Fig. 2.4.a). This unit crops out in several locations in the western
Lake M ead region and has been lithologically correlated with rocks of the GW T (Fig.
2.4.d) (Bohannon, 1984). Deposition of the red sandstone unit has been bracketed
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between 11.9-10.6 Ma (Bohannon, 1984) and represents deposition in several closed
basins during the final stages of major extension, particularly in the western Lake Mead
region (Bohannon, 1984; Duebendorfer and W allin, 1991).
Stratigraphically above the red sandstone unit is the M uddy Creek Formation
(Fig. 2.4.a) (Bohannon, 1984). Little w ork has been done on this formation and as a
result, it has become a catchall for dominantly post-extensional strata in the Lake Mead
region. It is mentioned here because the rocks of the GW T were initially interpreted to
be the M uddy Creek Formation by Lucchitta (1966). However, later dating of tuff layers
in the GW T showed that the rocks o f the GWT are older than the M uddy Creek
Form ation and thus constitute a separate sequence (Bohannon, 1984).
South o f the Lake M ead fault zone are several deposits that formed in basins
associated with the SVWH and the Grand Wash fault. These basins include the Hualapai
basin and the northern and southern W hite Hills (Figs. 1.2, 2.4.b and c). The Hualapai
basin is an east tilted half graben formed by the southern Grand W ash fault and is located
south o f the GW T (Faulds et al, 1997; Faulds et al., 2000). The basin consists of a
volcanic-sedimentary succession that was deposited between 17.8 and 9.4 Ma (Faulds et
al., 2000). The basin is most notable for a 2.5 km thick section of halite that was
deposited coevally with Hualapai limestone in the GW T (Figs. 2.4.b and d) (Faulds et al.,
1997).
Sedimentary units in the northern and southern White Hills basin are in the
hanging wall of the SVWH (Figs. 1.2 and 2.4.c) (D uebendorfer and Sharp, 1998). The
basin is composed of volcanic layers and megabreccias derived from the foot wall of the
SVW H (Duebendorfer and Sharp, 1998; Faulds et al., 2000). Later megabreccia deposits
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were derived from the Gold Butte block (D uebendorfer and Sharp, 1998). Tim ing for
basin formation and deposition has been bracketed between 15.2 and 14.6 Ma
(D uebendorfer and Sharp, 1998).

Sedimentary Units o f the G W T
Deposition in the GW T was coeval with many o f the sedim entary units mentioned
above (Fig. 2.4.d). The oldest Cenozoic sedim entary deposit found in the G W T is the
Rainbow Gardens member (Bohannon, 1984). The exposure is only 30 meters thick and
is found at the northern edge o f W heeler Ridge (Bohannon, 1984). Although this
exposure lacks any datable units, lithostratigraphic correlation suggests that it relates to
the low er intervals of the Rainbow Gardens m em ber found elsew here in the South Virgin
M ountains (Beard, 1996). There is an angular unconform ity between the Rainbow
Gardens m em ber and the rocks of the GW T (Lucchitta, 1966). The oldest date from
rocks o f the GW T is from a tuff that lies on Paleozoic bedrock ju st north o f the Lost
Basin Range, which is dated at 15.29 ± 0.07 M a (Faulds et al., 2000). This tuff is dipping
30" and is conform ably overlain by rocks o f the G W T (Faulds et al., 2000). The next
oldest unit is a tu ff near Pearce Ferry dated at 13.94 ± 0.01 Ma (B rady et al., 2002),
which is interbedded with sandstone and siltstone units that dip 5" (Faulds et al., 2000).
Strata overlying this tuff either have a slight dip or are flat lying. Therefore the 15.29 M a
and the 13.94 M a tuffs bracket the timing for syntectonic deposition in the GW T (Faulds
et al., 2000). Later deposits in the GW T are gently dipping or flat lying, representing
deposition after the end o f major tectonism in the G W T (Lucchitta, 1966). The timing o f
final deposition in the GW T varies depending on location in the basin. In the northern
G W T the maxim um age for the end of deposition is 8.80 ± 0.04 Ma, which is a date from
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a basalt flow that is interbedded with alluvial fan deposits (Faulds et al., 2000). In the
central GW T, the youngest date is a 7.43 ± 0.22 M a tuff interbedded with the uppermost
beds o f the Hualapai Limestone (Faulds et al., 2000). The end of deposition in the GW T
is bracketed by the 7.43 Ma tuff and by the 4.42 M a basalt flow at Sandy Point (Wallace,
1999). The basalt flow at Sandy Point is at current day lake level and overlies river
gravels o f the Colorado River. This implies that the river had established itself in the
area before 4.42 Ma and that deposition in the G W T had ended by this time (Wallace,
1999).
The strata preserved in G regg Basin are -1 5 0 m thick and are predominantly
limestones with some conglom erate and sandstone (Lucchitta, 1966; W allace, 1999).
The uppermost limestone beds in Gregg Basin and the G W T are believed to be the same
strata (Lucchitta, 1979). This im plies that final movement on the W heeler Ridge fault
occurred during or after the last stages of deposition in the G W T (Lucchitta, 1966;
W allace et al., 2005).
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Early C e n o z o i c C la ro n b asin

present day GWT

Lake
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of the Colorado
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Kingman
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30 km

F igure 2.1 - Generalized paleogeographic map o f southern N evada and NW Arizona
during the early Cenozoic. Long dashed lines represent generalized exposure areas for
different aged strata during this time. C-P - exposure o f Cam brian through Permian
strata, P-Tr - exposure o f Permian through Triassic strata, J -exposure o f Jurassic strata,
and K - exposure o f Cretaceous strata. Solid arrows denote paleoflow directions based
on preserved canyons and deposits. Tightly dashed arrows denote inferred paleoflow
directions based on regional geology. Dashed-dotted lines denote present daty course o f
the Colorado River. See Beard (1996) for further inform ation regarding paleoflow.
Location o f Kingman uplift based on Lucchitta ( 1966) and Bohannon ( 1984). Location
o f paleo-Peim ian scarp based on Young ( 1985). Figure m odified from Beard ( 1996).
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Figure 2.2 - Simpfied geologic map o f the eastern Lake Mead region. Faults on map
are the m ajor block bounding faults described by Brady et al. (2000). Modified from
Brady et a). (2000) and Beard et al. (2005).
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Figure 2.3 - Interpretations o f the basin geom etry for the GWT. A) H alf graben
geom etry interpretation o f the GWT, not to scale (m odified from Lucchitta, 1979). B)
Basem ent step geom etry interpretation o f the GWT, no vertical exaggeration (modified
from Brady et al., 2000). Rock types: pCu - preCam brian crystalline rocks, Pz Paleozoic sedim entary rocks, Th - Tertiary Horse Spring Fonnation, Tc- Tertiary rocks o f
the GWT.
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Figure 2.4 - Chronostratigraphie columns o f M iocene strata from several location within
the Lake M ead region and surrounding areas. Brackets to left o f columns denote timing
for m ajor extension in respective area. Colum ns m odified from several sources: A.
Com posite Lake Mead - Duebendorfer et al. (1998) and Lamb et al. (2005); B. Hualapai
Basin - Faulds et al. (1997); C. Northern W hite Hills - D uebendorfer and Sharp (1998);
and D. Grand Wash trough - W allace et al. (2005), Billingsley et al. (2004).
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CHAPTER 3

METHODS
To test the rift basin hypothesis for the GWT several methods were employed.
These include: measuring o f stratigraphie sections, geologic mapping, and a gravity
survey. The first two methods document the sedimentology and the stratigraphy of the
GW T while the latter constrains the geom etry and depth of the basin. The data produced
by this study are sim ilar to data sets from numerous studies of other rift basins.
Therefore, the data allow for a direct com parison of the GWT to known rift basins, thus
allowing for testing of the hypothesis. The following paragraphs detail the three methods
that were employed.
Eight stratigraphie sections were measured in an E-W transect across the GWT at
the latitude o f Pearce Ferry (Plate 1, see Plate 2 for locations). In addition, one section
from Lucchitta (1966) and two sections from W allace (1999) were included in Plate 1 for
a better overview o f the stratigraphy o f the central GWT. Stratigraphie sections were
measured to provide an accurate representation of the lateral and vertical changes in
strata across the GWT, as well as produce a framework for the sedim entological data that
was collected. These stratigraphie and sedimentological data are the basis for the
interpretation o f the evolution o f depositional environments in the GWT.
Paleocurrent indicators were measured while measuring sections in order to
determine paleoflow direction. Paleocurrent measurements were plotted on equal area
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stereonets and rose diagrams were generated. In conglom eratic units, clast counts were
conducted to determine the provenance o f the unit. One hundred clasts were counted at
each site using a decim eter grid. The clast counts were not done at regular stratigraphie
intervals, but rather w here the appropriate lithologies occurred. These data sets also
aided in interpretating the depositional environm ents.
Geologic m apping at the scale o f 1:12,000 was conducted for the eastern half of
the field area (Plate 2). W allace (1999) and Brady et al. (2002) had previously mapped
the western portion o f the field area and their map units were extended into the map area
for this study. Billingsley and W ellm eyer (2003) had previously m apped this area at
1:100,000 scale, but their map generalizes much o f the geology and needed to be refined.
M apping for this project focused on the M iocene sedim entary and igneous units in the
GW T. In addition. Paleozoic sedimentary and Quaternary-Tertiary sedim entary units
were also mapped. The Paleozoic strata were lum ped into one map unit because their
formational division w asn’t necessary for this project. Several Quaternary-Tertiary
sedimentary units were mapped because these units com monly erode into and overlie the
M iocene aged units. Digital orthophoto quarter quads and topographic maps were used
in the final stages of m aking the geologic map to ensure that contact lines were placed
correctly and to aid in mapping of some Q uaternary sedimentiu-y units. Edits to the map
o f the western field area originally created by Brady et al. (2002) were made concerning
the distribution of certain units (i.e., the Tc unit, and the separation o f the Tcp unit from
the Tc, which are discussed in a later chapter). Plate 2, which is the final map, is a
combination of the m aps by W allace et al. (2005), Brady et al. (2002), and this study.
The new geologic map provides more of a three dim ensional view o f the stratigraphy in
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the GW T, thus aiding in the interpretation o f the depositional history of the GWT.
A gravity survey was conducted along roughly the same E-W transect that the
stratigraphie sections were measured, in an attem pt to understand the depth and geom etry
of the basin (Fig. 2.3). A Lacoste-Romberg G - M eter was rented from L and R M eter
Services to collect the data. The survey was conducted in a 3 by 10 km grid with 1 km
spacing between points thus resulting in three parallel, roughly E-W lines. Thirty gravity
stations were initially intended to be collected, but due to time restrictions, two stations
on the eastern end were not collected. GPS locations and time of measurement were
recorded at each station. The base stations used for the survey were at Temple Bar, AZ
and the University o f Nevada, Las Vegas. A temporary base station was established in
the GW T to better constrain drift o f the gravim eter during the collection period.
After field collection, the gravimeter readings were reduced using U.S.
G eological Survey software by Plouff (2000). This program calculates the effects o f long
term drift of the gravim eter, tidal influences, and terrain influences. The first two
corrections were made at UNLV, while the terrain corrections w ere conducted by Dr.
Vicki Langenheim o f the U.S. Geological Survey in M enlo Park, CA. This was done
because the U.S. Geological Survey has superior software for terrain corrections, which
calculates the terrain correction out to 60 km. However, the program doesn’t calculate a
correction for a circular area (with a 66 m radius) around the data point. Within each
circular area the terrain correction is a function of slope and the higher the slope the
higher the error (Plouff, 2000). To estimate this error, the slopes of the area around the
data points were calculated using ArcM ap and digital elevation models. The ArcM ap
analyses show that 23 gravity stations are in areas that have a slope of less than 20",
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whereas five are in areas with slopes > 20". A slope o f 20" corresponds to 0.1 mGal error
(Plouff, 2000), w hich is within the error for the gravim eter that was used. Points in areas
with a slope greater than 20" never exceeded 35", which corresponds to 0.25 mGal error.
Due to the author’s lack o f expertise with slope corrections, this error could not be
sufficiently corrected. Appendix A contains the data measurements and corrections
made.
Once the gravity data were reduced a Bouguer anomaly map was produced. The
map included previous gravity measurements in the area from the Pan-American Center
for Earth and Environmental Studies (2006) and Langenheim et al. (1999). The Bouguer
anomaly map was used to get a more regional perspective on the gravity anomalies that
exist in the eastern Lake M ake region.
A gravity m odeling program named Talwani was utilized to analyze the GW T
gravity data in m ore detail. This program is based on the techniques from Talwani et al.
(1959) and Cady (1980). Talwani is a 2-1/2 dimensional, forward modeling program that
allows the user to develop crustal models in order to interpret gravity anomalies. Gravity
modeling o f the central G W T was conducted for each of the three E-W trending lines.
Data points from previous surveys were not included in these models because of
differences am ong surveys. During the processing o f the gravity data it was noted that
this survey’s data were 0.5 mGals lower than previous data sets in the area (V.
Langenheim, personal communication). The low er gravity values are believed to be
related to problem s associated with the gravim eter used to collect the data because a
second gravity survey completed with the same gravim eter had the same systematic error.
The GW T and the second area have separate geologic histories and different gravity
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anomalies. Therefore, it is assumed that because both areas have the same error, that the
source o f the error must be related to the gravimeter. This 0.5 m Gal error prevented the
integration o f data from this survey with gravity data sets previously collected in the
GW T. The gravity anom aly in the central GWT is subtle and an increase or decrease of
0.5 mGals would have affected the subsurface models. If gravity data from previous
surveys had been added to the models they would have contrasted with the data collected
in this survey and thus effected the gravity modeling.
Densities for the various rock bodies created in the modeling software were taken
from numerous sources. Densities for the mantle (3.25 g/cm^), low er crust (2.97 g/cm^),
low er middle crust (2.87 g/cm^), upper middle crust (2.75 g/cm^), and upper crust (2.70
g/cm^) were taken from a seismic survey by M cCarthy et al. (1991) in the southern
Colorado R iver extensional corridor. Densities for the surficial geologic bodies were
derived from the Langenheim et al. (1999) survey o f the Lake M ead region. This survey
sampled numerous lithologies across the Lake M ead area, including Paleozoic and
Cenozoic strata found in the GW T. However, during the m odeling a few exceptions were
made from the Langenheim et al. (1999) survey and are explained below. The
Precambrian igneous-m etam orphic lithologies underlying the Paleozoic strata were given
the same density as the upper crust, 2.70 g /c m \ This density is lower than the average
density for Precambrian igneous-m etam orphic lithologies in the Lake Mead region,
which are 2.82 g/cm^ (Langenheim et al., 1999), but this higher density value produced
models of the GW T with unrealistically shallow basin depths (i.e. 200 m deep basin).
Therefore, a lower density was used for the Precambrian igneous-metamorphic
lithologies. However, many of the gneisses and granites found in the Gold Butte block
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have densities that range from 2.54 to 2.80 g/cm^ (Langenheim et ah, 1999) and these
lithologies are in close proxim ity to the G W T. Consequently, they may compose the
basement in the area and therefore it was not unreasonable to use 2.70 g/cm^ for the
Precambrian igneous-m etam orphic bedrock.

Another issue relates to the fact that basalt

is a com m on lithology in the Lake Mead region but does not crop out in the field area.
This is mentioned because in some models basalt dikes were created. Basalts in the
region have a wide range o f densities (2.40 to 2.90 g/cm^) that vary depending on
whether the body is intrusive or extrusive (Langenheim et ah, 1999). A value of 2.80
g/cm^ was chosen for m odeling because basalt dikes have a higher density compared to
flows. An average density for Paleozoic strata of 2.69 g/cm^ (Langenheim et ah, 1999),
was used for the Paleozoic strata exposed on the G rand W ash Cliffs, as well as for the
inferred Paleozoic strata in the basem ent o f the GWT. The Cenozoic basin fill of the
G W T was given a density o f 2.48 g/cm^, which is the average density for Cenozoic basin
fill in the Lake Mead region (Langenheim et ah, 1999).
O ther specifics about the m odels are end bodies, geom etry of bodies, and the xaxis tie. End bodies were created for each of the geologic bodies that had an edge at the
end o f the model. These end bodies extended 2000 km beyond the model edges and
m aintained thickness for the length o f the body. Due to the nature o f the program it is
difficult to build curved surfaces for the various model bodies. Therefore, the models are
blocky with straight edges and sharp corners, which are not geologically realistic and
may introduce error into the models. Also, the m odeling program has a feature that
forces the calculated curve to match the observed curve at one point along the x-axis. For
all the models this tie was designated at kilometer 0. This was done because in all lines
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the gravity station at kilometer 0 is near the contact between Paleozoic strata and
Cenozoic basin fill and is thus the least ambiguous point in the all of the lines.
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CHAPTER 4

STRATIGRAPHIC AND M AP UNITS
Stratigraphie columns (Plate 1) and geologic mapping (Plate 2) were done to
provide accurate unit descriptions for the different Miocene aged sedimentary and
igneous units within the GWT. The associated unit descriptions are the primary data for
the comparison between GW T and the rift basin model, and thus are integral for testing
this study’s hypothesis.
During geologic mapping several Quaternary-Tertiary sedimentary units were
described and mapped. Although these younger units provide for a better understanding
of how the GWT evolved from the M iocene to the present, they are insignificant when
considering the formation and initial filling o f the GWT. Therefore, these units are not
mentioned in the main text because they do not test the rift basin hypothesis. Brief
descriptions of these Q uaternary-Tertiary sedim entary units can be found on the geologic
map (Plate 2). Each unit description includes: location of exposures, previous work,
relationship to other Miocene aged units, lithologie descriptions, and paleocurrent and
clast count data for applicable units. At the end o f each unit description is an
interpretation o f its environm ent o f deposition. Table 4.1 gives a summary o f the units
discussed here in order to help the reader organize the unit descriptions that are used in
this, and subsequent, chapters.
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Tertiary Sandstone-Siltstone (Tss)
The Tss unit is found on the western side of the central G W T (Fig. 4.1, Plate 1,
sections A-F; Plate 2). The Tss and the Tertiary siltstone-gypsum (Tsg) unit have
com m only been lumped together by previous workers. However, there are distinct
lithological differences between the two and they are thus separated in this study. The
Tss is primarily found west of Grapevine W ash adjacent to the Tc unit (Plate 2). Locally,
(e.g., at section A) the Tss is deposited directly on the bedrock o f W heeler Ridge (Plate
2). Outside o f the study area the Tss unit is found in small exposures near the town of
M eadview where it grades southward into deposits o f the Tc unit (Wallace, 1999). In the
northern GW T the Tss is only exposed adjacent to Tc deposits.
Previous workers named the Tss the “red sandstone siltstone unit” (Lucchitta,
1966; Bohannon, 1984; W allace, 1999; Brady et ah, 2002). Both Lucchitta (1966) and
Bohannon (1984) correlated the Tss with lithologically sim ilar strata of the Grand Wash
area (north o f Lake M ead and west of W heeler Ridge fault). This correlation was shown
to be erroneous by isotopic dating conducted by Billingsley et al. (2003). Tw o separate
tuffs from the Grand W ash area indicate that these strata are 3 to 5 M yr younger than the
rocks of the G W T (Billingsley et ah, 2004). Therefore, the Tss is exclusive to the GWT.
The Tss unit is 112 m thick and is com posed o f a single upw ard coarsening
sequence that grades into the Tc unit. For this study the upward coarsening Tss was
divided into two sequences: 1.) a finer mottled pale red/white/green sequence (referred to
hereafter as the mottled sequence) and 2.) a coarser red/brown sequence (referred to
hereafter as the red-brown sequence). The basic bedform for both o f these sequences are
rhythm ically deposited, upward fining parasequences that are on the order of 20-40 cm
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thick (Fig. 4.2). These parasequences are laterally continuous and can be traced for tens
of meters along strike. The character o f these parasequences change depending on their
location relative to exposures o f the Tc unit. The following section details the
sedim entology of the two sequences and how they change up section.
There are two exposures o f the mottled sequences in the Tss unit, one is found in
the low er 27 m of sections E and F and the other is stratigraphically above at the top o f
section E and the base o f section D (Plate 1). These beds are upward fining
parasequences that consist o f fine to coarse sandstone beds overlain by siltstonemudstone beds. Sandstone beds range in thickness from 20 - 40 cm and the
corresponding siltstone-m udstone beds are com m only 100 - 550 cm thick. The
sandstone is m oderately to poorly sorted with subangular to subrounded grains and
variable am ounts o f mud. The siltstone-m udstone beds are characterized by convoluted
bedding w hich m ixes irregular, thin (1-2 cm) mudstone and poorly sorted sandstone lens
(“ec” in Fig. 4.3). The mudstone layers are also poorly sorted with coarse grains o f sand
intermixed within the mudstone. These layers are wavy, range in thickness from 2 - 4
cm, and pinch out within several m eters along strike. Som e fine grained beds have a
sugary texture com posed of white, gypsum crystals. The mottled sequences have wavy
bedding com m only found on the tops and bases of beds. Thin (< 2 cm), sugary gypsum
layers are also found in the mottled sequences. Additional sedimentary structures in the
mottled sequences include low angle cross bedding, ripple cross laminations, and normal
grading in the sandstone beds.
The red/brow n sequences make up the majority of the Tss exposures in the map
area. This sequence is found in between the two mottled sequences described above and
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from the base of section D to the transition to the Tc unit in sections A and B (Plate 1).
The red/brown sequence differs from the m ottled sequence by having coarser and thicker
sandstone beds and also having less convoluted bedding and thin gypsum layers.
A typical parasequence in the red/brown sequence begins with a coarse grained
sandstone or conglomerate bed. The base o f the bed is sharp and the bed thickness can be
30 to 200 cm thick. Parasequences that have conglom erate at their base grade into a
medium to coarse grained sandstone, whereas parasequences that have coarse sandstone
at their base often contain granules or angular clasts of quartz and plagioclase up to 2 cm
in diameter (Fig. 4.4). Sedim entary structures found in the basal beds are trough cross
bedding, high and low angle planar cross bedding, normal grading, ripple cross
laminations, and planar laminations. Locally the tops o f the sandstone beds have
convoluted bedding that continues into the m udstone-siltstone beds. Paleocurrent
analysis of sedimentary structures in the sandstone beds o f the Tss shows a wide range of
paleoflow directions, with a mean direction at 194° (Fig. 4.5).
Conformably on top o f the sandstone beds in the parasequence are 3-10 cm thick
beds o f siltstone-mudstone. Locally there are individual thick beds of mudstone, but
most o f the finer grained beds are composed of siltstone with som e laminae of mudstone.
The finer grained beds in the Tss parasequences are unique because they are very
micaceous. Two to four mm flakes of biotite and white mica were identified and are
found along bedding planes. Planar lam inations, convoluted bedding, and localized wavy
bedding can be found in the siltstone-m udstone beds.
The conglomerate and coarser sandstone beds can be traced along strike for tens
of meters and coarsen and thicken westward where they are in closer proximity to
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exposures of the Tc. In other locations along the Tss and Tc contact conglom erates in the
Tss are matrix supported, more abundant, and thicker (0.4 to 1.0 m). The matrix is
poorly to m oderately sorted, coarse to medium sandstone with mud, and contains angular
quartz and plagioclase crystal clasts, 0.5 - 25 cm in diameter (Fig. 4.4).

Interpretation
The Tss unit is interpreted as distal alluvial fan deposits that were prograding onto
evaporative mudflats. Specifically, the mottled sequences are interpreted as the
evaporative mudflats and the red/brown sequences as the distal alluvial fan deposits.
This interpretation is based on the upward coarsening sequence, interbedding o f the two
different Tss color sequences, and the sedimentology o f both o f the sequences.
The mottled sequence is interpreted as beds deposited in evaporative mudflats.
The thin gypsum layers and thickness o f siltstone-mudstone beds im ply that the mottled
sequence was deposited in a low energy area with evaporative conditions. However, the
key feature of the mottled sequence is the abundance o f convoluted bedding (Fig. 4.3).
The siltstone-mudstone beds with convoluted bedding found in the mottled
sequence can be interpreted as either soft sediment deformation caused by loading or
paleosol developm ent, specifically efflorescent crusts on an evaporative mudflat. The
form er interpretation is based on the disrupted nature o f the beds and the assumption that
as the Tc alluvial fan prograded into the basin the mudflat deposits would have become
loaded by deposition of younger sediments. However, this explanation is unlikely
because the beds contain no flame structures, flow banding, or grain alignment, which are
characteristics commonly associated with load structures (Smoot and Castens-Seidell,
1994).
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The convoluted bedding could have also formed by the development of
efflorescent crusts on an evaporative m udflat at the edge o f a playa system. Smoot and
Castens-Seidell (1994) described efflorescent crusts as forming by the complete
evaporation of briny pore waters in sedim ents. The pore w ater can be from saline
groundw ater in the area or wind blown evaporite minerals dissolving and then
precipitating into the surrounding sedim ents (Sm oot and Castens-Seidell, 1994). The
latter crust-creating system is com monly found in distal areas of playa systems or on the
toes o f alluvial fans (Sm oot and C astens-Seidell, 1994). This matches the interpreted
position of these Tss deposits in the G W T. Efflorescent crusts have been docum ented in
ancient evaporite deposits and are identified based on the following features: thin mud
layers at the bases of beds or around grain boundaries, sandy patches that have highly
variable grain size, interbedded thin gypsum layers, and cuspate bed boundaries (Fig. 4.3)
(Kendall, 1992; Smoot and Castens-Seidell, 1994). These sedimentary structures are
found in the mottled Tss sequences (Fig. 4.3). W avy bedding in efflorescent crusts has
been associated with crust growth on ripples or the formation of teepee structures (Sm oot
and Castens-Seidell, 1994). Both m echanism s are assumed to have taken place for the
formation o f wavy bedding in sections D, E, and F (Plate 1). Ripple cross laminations
are found in red/brown Tss beds and are a com mon sedim entary structure in distal
alluvial fan deposits. In addition, m odem day playas with efflorescent crusts also have
mottled colors and sugary textures (Sm oot and Castens-Seidell, 1994) similar to those
found in the Tss unit.
The red/brown sequences are interpreted as the distal deposits of an alluvial fan
that was prograding into the basin. This interpretation is based on the comparison of
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depositional features o f the Tss and docum ented distal alluvial fan deposits (Heward,
1978; Nilsen, 1982). These include; the sheet geometry o f the beds (Fig. 4.2), laterally
continuous beds, similar paleoflow direction to the Tc unit, proxim ity to the Tc unit, the
base o f beds are sharp with no channel scours, and sedimentary structures (esp. normal
grading, planar stratification). These deposits were created as sedim ent spread out after
exiting a distributary channel, depositing a laterally extensive body. This explains the
wide range o f paleoflow directions measured in the Tss unit. The corresponding
siltstone-m udstone beds on top of the sandstone beds could have been deposited either by
the w aning of the flooding event or separate, sm aller flooding events. Conglom erate
beds are interpreted as the distal portions o f debris flows that dominate the Tc unit. This
interpretation is based on the presence o f quartz and plagioclase crystals, higher mud
content, and their greater lateral continuity com pared to Tss sandstone beds. Variable
mud content in the sandstone beds found in sections A - D imply that these deposits are
the product o f both debris flow and stream flow processes. Sheetflood sandstones with
lower mud content are interpreted as being stream flow deposits (Nilsen, 1982), w here
sandstones with higher mud content are interpreted as the distal ends of debris flows
(Blair, 1999).
The interbedded nature of the mottled Tss beds and the red/brown Tss beds could
be the result o f changing depocenters for the distal alluvial fan. The red/brown Tss beds
are coarser and show no sign of paleosol development. This suggests that deposition was
occurring at a fast enough rate to prevent the developm ent o f efflorescent crusts. W hen
the locus o f deposition on the alluvial fan moved, the sedim entation rate decreased and
efflorescent crusts could develop. O ccasionally a flooding event on the Tc fan would
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bury the mudflats and new efflorescent crusts would begin to develop on top o f the new
deposit (interbedded sandstone and efflorescent crusts in Fig. 4.3).

Tertiary Siltstone G ypsum (Tsg)
The Tsg unit is primarily found east o f G rapevine Wash and extends locally to < 1
km o f the Grand W ash Cliffs (Plate 2). The southern most exposures of the Tsg are
found along G rapevine Wash as it becomes interbedded and grades into the Hualapai
Lim estone (Thgw). In the northern GW T the Tsg crops out ~3 km north of the northern
shore o f Lake M ead and increases in its E-W aerial distribution until it is truncated to the
north by the W heeler Ridge fault (Fig. 4.1) (Billingsley et al., 2004). Previous workers
have named this unit the red sandstone siltstone unit (Lucchitta, 1966; Bohannon, 1984;
W allace, 1999; Brady et al., 2002).
The contact between the Tss and Tsg is exposed 17 m above the base o f section F
and further south along Grapevine W ash (Plates 1 and 2). This contact is gradational and
is recognized by the thinning o f sandstones and the thickening o f siltstone-mudstone
beds. Also, the increased abundance o f gypsum (both primary and secondary) and
prevalent wavy and convoluted bedding define this contact.
The Tsg is a remarkably consistent unit across much of its outcrop area. The
m ajority o f the Tsg unit is com posed o f planar, continuous beds o f siltstone and
m udstone (Fig. 4.6). These beds can be traced for several tens o f meters along strike.
Bed thickness can range from 0.5 to 15 cm but com m only is 1 to 5 cm thick. The beds
are predom inantly red/brown, but are mottled pale red/green in some intervals.
Sedim entary structures include planar laminations, mud cracks, convoluted and wavy
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bedding with rare ripple cross-laminations. Pedogenic features in the Tsg unit include
stage II gypsum nodules that are -5 0 mm in diameter (Fig. 4.7) (B. Buck, personal
communication).
Thin (4-10 cm), fine grained sandstone beds occur locally. These beds increase in
number closer to the Grand Wash Cliffs and adjacent to the southern shore o f Lake Mead.
Local ripple cross-laminations and low amplitude, high wavelength dune-like
sedimentary structures were found in some sandstone beds.
The most distinctive characteristic o f the Tsg is the prim ary and secondary
gypsum that is found throughout its exposures. Gypsum veins are found in both the Tsg
and in siltstone-mudstone intervals o f the Thgw (Fig. 4.8). Because these veins cut
bedding they are interpreted as originally being joints that later filled with gypsum. Near
the top o f section F there is a three meter thick layer o f gypsum (Fig. 4.9, section F in
Plate 2). This layer can be traced east for at least 1.5 km. Further south along Grapevine
Wash there are several thick gypsum beds at different stratigraphie intervals (Fig. 4.10)
(W allace, 1999). These layers are individually 1-5 m, have a lens shape geometry, and
an overall stacked thickness of 20 m (Wallace, 1999). These layers are composed o f
individual 1-2 cm thick wavy beds.
Locally there are large slum p features (Fig. 4.11) in the Tsg with displacements o f
-0 .5 m. Associated with these slumps are 20-30 cm long slabs o f bedding, which are
imbricated. Strata overlying both the slumps and the im bricated slabs are draped over
these features. This implies that the deformation features form ed just before burial by the
overlying strata.
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Interpretation
The Tsg is interpreted as evaporative mudflat and playa deposits. These
interpretations are based on the sedim entary structures, the abundant gypsum, and
pedogenic features.
Sedimentary structures interpreted as having formed in an evaporative mudflat
and playa environm ent are based on the sim ilarities between docum ented structures from
other localities (Kendall, 1992) and observation o f the Tsg. These include continuous
and planar bedding, mudcracks, convoluted bedding, slump structures and the wavy
bedding in the gypsum layers (Kendall, 1992). The planar and continuous bedding in the
Tsg suggests that the depositional system was extensive and the lack o f high energy
sedimentary structures suggests that it was a low-energy environment. The convoluted
bedding found in the Tsg is sim ilar to what has been previously described in the Tss unit
and thus is also interpreted as efflorescent crusts. The slump structures (Fig. 4.11 ) are
interpreted as solution collapse features. These features are found in m odem and ancient
mudflat environm ents (Smoot and Castens-Seidell, 1994). They are created when
floodwaters quickly dissolving the efflorescent crusts at the surface and at a shallow
depth. This creates a depression that is then filled in by later depositional events. In
modem settings these structures are com m only found adjacent to, or in, shallow channels
that cut through the m udflats (Sm oot and Castens-Seidell, 1994). The wavy bedding in
the gypsum layers (Fig. 4.9) is interpreted as teepee structures related to the filling and
subsequent evaporation o f the playa (Talbot et al., 1994).
The dune-like structures in the Fine grained sandstone beds are probably o f eolian
nature. Eolian deposits are com m only found in playa settings because o f the amount of
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fine material available for transport in the playa basin and the arid environment (Talbot et
al., 1994). The localized sandstone beds are probably the result of large flooding events
on alluvial fans that were capable o f transporting the sediment out onto the mudflats
(Talbot et al., 1994). These beds increase in frequency towards the north and are
probably very distal deposits of an alluvial fan, which prograded to the SE from the west
edge o f the GWT.
Pedogenic features in the Tsg unit include the presence o f stage II gypsum
nodules and thin, crosscutting gypsum veins (Fig. 4.7 and 4.8). Stage II gypsum nodules
have been docum ented in modem day Australia and in the Triassic rift basins o f westem
England (Talbot et al., 1994). In both cases these nodules form in muddy fluvial and
playa systems that have undergone prolonged desiccation and exposure. As a result,
evaporite m inerals precipitate from the interstitial brines within the sediment form ing the
gypsum nodules (Rosen, 1994).
The formation of thin, gypsum veins in the Tsg (Fig. 4.8) is also believed to be
associated with pedogenic gypsum nodules (B. Buck, personal communication). Buck
and Van Hoesen (2002) found gypsum nodules in Q uatem ary soils in arid New M exico
that they described as stage 2 gypsum paleosols. The link between gypsum veins and
gypsum paleosol developm ent is supported by the interpreted playa depositional
environm ent of the Tsg and the hypothesized arid climate during the Miocene (W allace,
1999). A fter burial o f these gypsum paleosols, groundwater flowed through a system of
joints within the siltstones-miidstones and dissolved the gypsum nodules closest to these
joints (B. Buck, personal com munication). For a variety o f reasons the gypsum saturated
waters then precipitate into fractures w ithin the rock forming the veins (B. Buck, personal
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com m unication). Similar gypsum veins have been documented in close association with
gypsum nodules in the Triassic M oenkopi Formation and the Permian Palo Duro basin
(B. Buck, personal com munication; Goldstein and Collins, 1984). The former is believed
to have been deposited in an inland sebkha setting in a hyperarid climate (Lawton and
Buck, 2006), w hile the Palo Duro basin was deposited in a marine supratidal evaporite
environm ent (Goldstein and Collins, 1984). The structural significance of the joints and
the orientations o f the gypsum crystals will be further discussed in Chapter 5. A similar
arid depositional setting is believed to have existed in the GW T during deposition o f the
Tsg. Parts of the Thum b M ember o f the Horse Spring Formation and the red sandstone
siltstone unit in westem Lake M ead region also have similar environmental
interpretations (Bohannon, 1984; Beard, 1996).
The most diagnostic playa features in the Tsg are the large gypsum layers that are
found along Grapevine W ash (Fig. 4.9 and 4.10). Thick gypsum deposits imply that the
groundw ater table was high enough to discharge into a topographic low in the basin’s
center form ing an evaporative lake or playa (Kendall, 1992). These playas then
transitioned to the surrounding m udflats where the groundwater table was sometimes
high enough to allow for developm ent o f interstitial brines and thus the formation of
gypsum nodules and efflorescent crust. The presence of several stacked thick gypsum
lens in the GW T implies that the conditions form ing the playas were intermediately
interrupted. These interruptions could be the result o f groundwater fluctuations related to
clim ate changes.
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Tertiary Igneous-M etam orphic Clast Conglom erate (Tc)
The Tc unit is found exclusively on the western side of the central G W T (section
A and B o f Plate 1, Plate 2). Different workers have designated different names for the
Tc: Gold Butte-bearing conglom erate and crystalline clast conglomerate (Lucchitta,
1966), Fanglomerate o f the GW T (W allace, 1999), Conglom erate o f the GW T (Brady et
al., 2002), and Proterozoic-clast conglom erate facies (Billingsley et al., 2004). This study
uses the name Tertiary igneous-m etam orphic clast conglom erate because it best
distinguishes the unit from others in the GW T.
Exposures of the Tc can be divided into two geographic locations north and south
o f the latitude o f Pearce Ferry (Fig. 4.1 ). These two different exposures will be referred
to as southern Tc and northern Tc for the rem ainder o f the paper. The southern Tc
deposits form a continuous exposure belt along the w estem edge o f the basin that varies
in its E-W extent. In m any places the Tc extends to within ~3 km of the Grand Wash
Cliffs (Fig. 4.1) (Lucchitta, 1966; W allace 1999). Northern Tc deposits extends ~4 km
eastward from W heeler Ridge and increases in its E-W extent until on the north shore of
Lake Mead the conglom erate extends all the way across the GW T to the Grand Wash
Cliffs. Further north it decreases in its easterly extent until it pinches out completely near
Pigeon Wash (Fig. 4.1) (Lucchitta, 1966; Billingsley et al., 2004). This study focused
predom inantly on the Tc deposits north o f the road that leads into Pearce Ferry and south
o f Lake Mead.
The total measured thickness o f the Tc unit is 109 m at section A and 56 m at
section B (Plate 1). Near W heeler Ridge the Tc dips 8" to the SE. The dip decreases to
~4“ further eastward. The Tc sits conform ably above the Tss unit (section A and B, Plate
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1) this is based on the lack of any erosional features along the contact. Also, this contact
is transgressive through time. The contact progressively shifts to the SW as one moves
up through the stratigraphy of the central GW T. For example, the Tss-Tc contact ~3 km
north o f Pearce Ferry lies close to the 13.9 M a tuff. To the SW , at section B, the contact
lies close to the 10.9 M a tuff (Plate 2). This shift in position through tim e implies that the
Tc unit transgressed across the central G W T during deposition.
The Tc is herein divided into tw o subunits that repeat as interbedded units: 1.) a
clast supported, boulder conglomerate and 2.) a matrix supported, pebble to boulder
conglomerate. The following describes the sedim entology of each subunit. The matrix
supported, pebble to boulder conglom erates are more common the clast supported
boulder conglom erates (Fig. 4.12). Beds range in thickness from 1 to 5 m and can be
traced several tens o f meters along strike. The bedding is chaotic with no discernable
sedim entary structures. The beds are extrem ely poorly sorted with clasts ranging in size
from clay to boulders 8 m in diam eter (Fig. 4.13). C lasts are angular to subrounded and
their com position is dom inantly Proterozoic igneous-m etam orphic rocks with little to no
clasts o f Paleozoic/M esozoic strata (Fig. 4.14).
The matrix supported, pebble to boulder beds are the most com mon subunit in the
Tc and are the most diverse in bedforms. These beds can be further divided based on
their geometries: some are tabular, others are lenticular. Tabular beds range from 50 cm
to 2.5 m in thickness and can be traced for several tens o f meters along strike (Fig. 4.15).
Tabular beds in sections A and B thin and fine to the SE towards exposures of the Tss.
Clasts are angular to subangular and range in size from 3 cm to 2 m. Clast compositions
within the beds are dom inantly Proterozoic igneous-m etam orphic clasts with m inor clasts
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o f Paleozoic/M esozoic strata (Fig. 4.14.b and c). At the distal ends of these beds the
conglomerates are composed o f 0.5 to 2 cm quartz and plagioclase crystals with common
outsized clasts that can be up 1 m in diameter (Fig. 4.16). The tops of these beds have
clasts that project into the bed above (Fig. 4.12 and 4.16). The matrix is a poorly sorted,
muddy, micaceous, coarse grained sandstone. Sedim entary structures within these beds
are rare, but normal grading, inverse grading, and imbricated clasts do occur.
M atrix supported, pebble to boulder conglom erates that have lenticular
geometries are 10 to 75 cm thick (Fig. 4.12). These beds either pinch out laterally or are
truncated by other conglomerate beds. Clasts are subangular to subrounded and range in
size from 20 cm to 3 m. The matrix of this subunit is poorly sorted, muddy, granule
sandstone with angular to subangular grains. Sedim entary structures include channel
scours, trough cross-bedding, imbricated clasts, normal-, and reverse-grading. Channel
scours and trough cross-bedding are com monly found at the distal ends o f Tc beds.
Paleocurrent data from sedimentary structures in the Tc conglomerates were
plotted on rose diagrams (Fig. 4.5.c and d). The rose diagram shows a SW to SE flow
direction for these deposits. Paleocurrent data was also collected from the small Tc
tongue just south o f the latitude o f Pearce Ferry which is sim ilar in all respects to the Tc
unit in sections A and B. The rose diagram for these deposits show flow direction was to
the N (Fig. 4.5.f). These flow directions correspond to the direction o f fining within the
conglomerate beds at these localities.
Clast counts in the conglomerates were conducted in several locations in section
A and B (Fig. 4.14 and Plate 1). The data confirm observations made by previous
workers (e.g., Lucchitta, 1966) that the conglomerate is mainly composed of Gold Butte
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granite, with the other m ajor clast types being different types of granite and metamorphic
lithologies, with a few clasts of Paleozoic/M esozoic strata. Clasts o f Paleozoic/M esozoic
strata were predominantly gray or tan limestone indicative of Early Paleozoic strata in the
area and not the clastic dominated strata of the Late Paleozoic and Early M esozoic.

Interpretation
Deposits of the Tc are interpreted as parts o f two large, debris flow dominated
alluvial fans that existed on the western side of the GWT. The alluvial fan interpretation
is based on numerous similarities to present day and ancient alluvial fan deposits
described by several workers (Hooke, 1967; Bull, 1972; Nilsen, 1982). These
observations include:
•

Alluvial fan geom etry of Tc deposits in plan and cross-sectional views.

•

Decrease in particle size in the down fan direction.

•

Interbedded debris flow and stream flow deposits.

•

Sheet-like nature to beds.

•

Deposits are oxidized and contain no fossils.

•

Transgressive relationship with surrounding deposits.

The following describes the depositional mechanisms for the two subunits found
in the Tc (Fig. 4.12). The clast supported, boulder conglomerate is interpreted as either
large debris flows or distal landslide deposits. This conglomerate shares many o f the
same features found in the matrix supported, pebble to boulder conglomerate (e.g., size
and shape of clasts, tabular bed form). However, the clast supported, boulder
conglomerate has only local areas with a muddy matrix and contains much larger clasts
than any observed in the Tc. These observations imply that the transport/depositional
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m echanism was not the same as it was for the matrix supported, pebble to boulder
conglom erate. The clast supported, boulder conglomerate have some similarities with the
facies model for large rock avalanche deposits (Yamold and Lombard, 1989), namely
they are clast supported, have a large aerial distribution, and com pletely lack grading or
bedding. However, the thickness o f the beds, lack of brecciation, and no substrate
disruption separate these deposits from known landslide deposits. These deposits are
interpreted as representing the distal ends o f landslides, which would explain the above
discrepancies. Regardless of specific depositional mechanism for these beds it is clear
that they represent large mass wasting events.
The matrix supported, pebble to boulder conglomerates in the Tc are interpreted
as debris flows deposits (Fig. 4.12, 4.15, 4.16). This interpretation is based on the
observations that the beds are matrix supported, the matrix is muddy, the beds are poorly
sorted and have few sedim entary structures, the large size and angularity o f clasts within
beds, and clasts that project into the overlying beds (Hooke, 1967; Nilsen, 1982; Yamold
and Lom bard, 1989).
The two types o f debris flow bed forms (tabular and lenticular) differentiate two
different debris flow depositional mechanisms occurring on the alluvial fan. Tabular
bedding is associated with debris flows that deposit in a sheet or lobe geometry across an
area o f the alluvial fan (Nilsen, 1982), whereas lenticular bedding is associated with
debris flow deposition in alluvial fan distributary channels (Kerr et al., 1979).
It is unclear what caused a particular flow to deposit as a tabular or lenticular bed.
One possibility could be the volum e of material in a particular flow event. Tabular beds
are much more laterally extensive and probably represented a large flow that blanketed a
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portion o f the alluvial fan, whereas lenticular beds may represent sm aller flow events that
were confined to channels that were preexistent on the alluvial fan. It is also possible that
the flows were channelized when they entered onto the alluvial fan and then at the end of
the channel system the flows spread out in a sheet-like geometry. Such behavior has
been described on a finer scale with braided stream s and sheetflood sandstones on the
distal portions o f alluvial fans (Nilsen, 1982). Hooke (1967) observed that debris flows
travel further when confined to stream valleys. Therefore, the later explanation may be
more likely based on the great distance these flows must have traveled as discussed
below.
Stacked debris flow beds, like the Tc unit, are commonly interpreted as proximal
alluvial fan deposits (K err et al., 1979; Nilsen, 1982). However, in the GWT, coarse,
tabular debris flow beds can be found distally, several kilometers aw ay from W heeler
Ridge, the range front for this alluvial fan (Fig. 4.16). Also, north and south o f the field
area, Tc deposits extend up to 10 km east into the G W T with clasts 6 m in diam eter at
their most distal points (Lucchitta, 1966). The alluvial fan deposits in the GW T are much
coarser and larger in their aerial extent than docum ented debris flow dominated alluvial
fans such as those in present day Death Valley (Hooke, 1972) and the Devonian Hornelen
Basin (Gloppen and Steel, 1981).
Based on the fining directions of the conglom erates, paleocurrents o f the Tc (Fig.
4.5.c and d) and the Tss unit (Fig. 4.5.e), and the stratigraphie succession in sections A
and B, the main portion o f the Tc is interpreted as having prograded to the south in the
study area between 13.9 and som etim e after 11 M a based on dated tuffs that are
interbedded with the Tc or nearby Tss deposits.
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Clast counts in conglomerates (Fig. 4.14.a-c) point to the G old Butte block as the
source area for the Tc deposits based on the lithologies present there. During deposition
of the Tc fans the Gold Butte blocks is interpreted as being in a position sim ilar to its
present day location (Brady, 1998). This means that the large clasts found in the Tc fans
were transported a long distance before deposition (see Chapter 7 for further discussion).
This far aw ay source area is further evidence for the predominance o f large mass wasting
events on the Tc fan.
The Tc deposits in the study area can be divided into a northern and southern fan
systems. T he northern alluvial fan system includes the field area and Tc deposits north of
Lake Mead. The southern alluvial fan system includes Tc deposits found south of the
latitude of Pearce Ferry and extend into the southern GWT. The head for the large
northern alluvial fan is interpreted to be located ju st north o f the present day location of
the Colorado River along W heeler Ridge. This interpretation is based on several
observations: 1) assum ing a radial alluvial fan geometry and looking at the plan view
distribution o f Tc deposits, the head o f the fan would be at the above location; 2) there
are several large channel scours carved into the Paleozoic bedrock o f W heeler Ridge
north of Lake Mead, som e o f which still contain Tc deposits (R. Brady, personal
communication); 3) dips, which are assumed to be depositional, on Tc beds at the
southern shore of Lake M ead along W heeler Ridge are 8 - 10" SE (Fig. 4.17), these dips
are consistent throughout Tc deposits south o f Lake Mead; and 4) paleocurrent indicators
suggest a SE flow direction, which would be expected for the southern edge of a
prograding alluvial fan whose head was located in the area described above. Based on
the poor exposure o f this unit north o f the Colorado River it is im possible to tell if the Tc
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deposits represent one alluvial fan system or several coalesced fans. Allen and Hovius
(1998) noted that as more alluvial fans coalesce to form a bajada the overall geometry of
the deposits in plan view transitions from a semi-circle to an elliptical shape. Using
Figure 4.1 it is clear that the Tc deposits have a more elliptical shape than semi-circular.
This elliptical shape to the Tc deposits implies several coalesced alluvial fan systems, all
sourced from the South Virgin Mountains.
The southern Tc alluvial fan is interpreted as being part o f a separate fan system.
This interpretation is based on paleocurrent indicators (Fig. 4.5.b) and a northward fining
direction o f the deposits. These data suggest these deposits belong to a northward
prograding lobe of a different Tc fan that dominates the southern portions of the GWT.
Wallace (1999) interpreted this fan as being derived from the southern end o f the South
Virgin M ountains and the fan head was in a fault controlled paleocanyon in the gap
between the Lost Basin Range and W heeler Ridge (Fig. 4.1).
The timing o f deposition is interpreted to be different for the northern and
southern Tc fans. For the northern Tc alluvial fan, based on the fining directions of the
conglomerates, paleocurrents in the Tc (Fig. 4.5.c and d) and in the Tss unit (Fig. 4.5.e),
and the stratigraphie succession in sections A and B, the main portion of the Tc is
interpreted as having prograded to the SE in the study area between 13.9 and sometime
after 11 M a based on dated tuffs that are interbedded with the Tc or nearby Tss deposits.
In contrast, the southern Tc fan is older than the northern Tc fan. The oldest
southern Tc deposits overlie the 15.2 Ma tuff m aking this fan one of the older deposits in
the GWT. Timing for the end of the deposition on the southern Tc fan is more
problematic but is based on several lines of evidence. In sections C, D, and E there are
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no N or NE flow indicators within the Tss deposits (Fig. 4.5). This suggests that the
southern Tc fan did not prograde further north after the deposition of the tuff of Pearce
Ferry, which underlies section E and has been dated at 13.1 ± 0.08 M a (W allace, 1999).
Also, at the base of the Airport Point section (Plate 1, W allace, 1999) the Tc
conglom erates are overlain by interbedded siltstones and mudstones similar to
docum ented evaporite mudflat deposits (Tsg). This transition im plies that there is an
unconformity at the contact between conglom erate and siltstone-m udstone. Lastly, the
geologic map o f the southern Tc fan shows no intertonguing o f the Tc and Tss above the
lowest exposures o f the Tc, which are near the 13.1 Ma tuff. This outcrop pattern
suggests that Tss unit is onlapping on the Tc unit, im plying that the Tss is younger than
the Tc. These three lines of evidence show that deposition on the southern Tc fan was
waning or had ended at 13.1 Ma.

Tertiary Limestone Clast Conglom erate (Tcp)
The Tcp unit is found exclusively north o f the latitude o f Pearce Ferry and near
W heeler Ridge. Tcp deposits are com m only found buttressed on W heeler Ridge or in a
gap in W heeler Ridge named Sheep Pass (Fig. 4.1, Plate 2). The Tcp unit name was used
by Lucchitta (1966) and W allace (1999) for lim estone clast conglom erates on both the
w estem and eastem sides o f the GWT. However, conglom erates that crop out on the
eastem side o f the basin that were exam ined during this study are dem onstrably younger
and are part o f a different depositional system than those found on the west side of the
basin. Herein conglom erates on the western side o f the basin are called the Tcp unit and
conglomerates on the eastern side o f the basin are called the Tertiary eastern limestone
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clast conglom erate (Tcpe). The Tcpe will be discussed further in a later section. The Tcp
was lum ped into the Tc unit by Brady et al. (2002), but is here separated for several
reasons.
The Tcp can be divided into two subunits: a clast supported, pebble conglomerate
and a matrix supported breccia. The following describes the sedimentology of each
subunit. The clast supported, pebble conglomerate is found predominantly in Sheep Pass
(Plate 2 and Fig. 4.18) and is estimated to be -1 5 0 m thick. Beds range in thickness from
2 to 4 m. The clasts are subrounded to rounded and range in size from 1 to 40 cm. The
matrix, where present, is a granule- to fine-sandstone with angular to subangular grains.
These beds are well indurated and form resistant layers in outcrop especially compared to
Tc beds (Fig. 4.19). This induration may be due to dissolution o f limestone clasts within
the conglom erate with subsequent precipitation into the surrounding matrix o f the
conglom erate as cement. Sedim entary structures in the clast supported, pebble
conglom erate include channel scours, trough cross-bedding, imbricated clasts, and
normal grading. Paleocurrent data collected from Tcp beds in Sheep Pass show a NE
flow direction (Fig. 4.5.a).
Clast count data from the Sheep Pass area shows that the conglom erate is
com posed predom inantly of Paleozoic strata clasts that are dominantly limestone (Fig.
4.14.e). There are some red granite and metamorphic clasts in these deposits also, but
their presence can be explained by a large crystalline block - 1 km south o f Sheep Pass
that contains sim ilar crystalline lithologies (Xm gf on Plate 2). Therefore, the Tc and Tcp
conglom erates have markedly different provenance.
The matrix supported breccia is found adjacent to W heeler Ridge (Fig. 4.20).
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Bedding is difficult to discern but in some places 2-3 m thick tabular beds are observed.
Clasts are angular and range in size from 0.4 to 1 m in diameter. The clasts are derived
from the underlying limestones o f W heeler Ridge. The matrix is a well indurated, red
siltstone-m udstone. In some places the breccia beds grade into the Tcp clast supported,
pebble conglom erates further away from W heeler Ridge (Fig. 4.17).

Interpretation
The two subunits of the Tcp are interpreted as alluvial fans sourced from W heeler
Ridge. The deposits found in Sheep Pass are interpreted as a stream flow dominated
alluvial fan and the matrix supported breccias are interpreted as separate, smaller alluvial
fans (Fig. 4.5). The following paragraphs detail these interpretations.
The clast supported, pebble conglomerates in Sheep Pass (Fig. 4.19) are
interpreted as stream flow dominated deposits. This interpretation is based on the
similarities between modem stream flow systems and the Tcp, which include clast
supported beds, presence of little mud, and abundant sedim entary structures (esp.
grading, trough cross bedding, and clast imbrication) (Nilsen, 1982). Since fluvial
systems are rare in closed, arid basins, the Tcp is further interpreted as a stream flow
dom inated alluvial fan. The Tcp deposits represent a well established alluvial fan system
com ing through a paleo-Sheep Pass. This paleo-Sheep Pass must have drained a small
catchm ent in the Paleozoic bedrock that makes up the eastem portion of the South Virgin
M ountains and was completely separate from the drainages that fed the debris flow
dom inated alluvial fan. This interpretation is supported by the lack o f a Tc provenance
signature in the Tcp conglom erates (Fig. 4.14.e).
The matrix supported breccias (Fig. 4.20) are interpreted as proximal parts of
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sm aller alluvial fans derived from the steep sides o f W heeler Ridge. This interpretation
is based on the observations of the angular clasts, lack of bedding, cone geom etry of
deposits, proximity to a paleo-topographic high, and similar clast lithologies to the
underlying bedrock o f W heeler Ridge. The mud matrix of these deposits is probably
secondary because there are no mudstones within W heeler Ridge to produce this matrix.
The matrix was probably derived from the mud matrix of the Tc debris flow s, which
com m only encase the breccias.

Relationship Between Tc and Tcp
The descriptions o f the Tc and Tcp units were derived from exposures where only
the respective unit of interest crops out. However, in much o f the study area these two
units are interbedded. T he following describes and interprets the stratigraphie
relationships between these deposits.
From the latitude o f Sheep Pass towards section A and B (Plate 2) there are
several Tcp beds that are interbedded with the Tc unit (Fig. 4.17 and 4.21). These beds
do not continue north o f the latitude o f Sheep Pass. Tcp beds are easily recognizable in
outcrop because they form resistant layers in contrast to the weathered matrix supported,
pebble to boulder conglomerate o f the Tc (Fig. 4.21). These interbedded Tcp beds are
sim ilar in sedim entology and clast com position to the clast supported, pebble
conglomerate found in Sheep Pass. The paleoflow and clast fining direction in the Tcp
beds is to the SE, similar to the Tc strata that surround them (Fig. 4.21). At sections A
and B there are no discernable Tcp beds interbedded in the Tc except for a 5 m thick Tcp
bed found at the top o f sections A and B. This bed is highlighted by the uppermost tie
line in sections A and B (Plate 1) and was m apped as part o f this study (Plate 2). This
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bed maintains its thickness across the outcrop area. A clast count was conducted in this
bed (Fig. 4.14.d) and shows that this bed has a higher proportion o f Paleozoic limestone
clasts than the Tc beds that surround it, but still contains 62% Proterozoic igneous and
metam orphic clasts.
Since the Tcp beds in Sheep Pass and those interbedded with the Tc share the
same sedim entology they are both interpreted as being part o f the same stream -flow
dom inated alluvial fan system. Specifically, the Tcp beds in Sheep Pass are interpreted
as proxim al alluvial fan facies and the Tcp beds interbedded with the Tc are interpreted
as medial and distal alluvial fan facies. D eposition on the Tc and Tcp fans alternated
through tim e resulting in these fans becom ing interbedded.
The interfingering of Tc and Tcp beds is seen in several other places along
W heeler Ridge involving Tc strata and the Tcp matrix supported breccia deposits (Fig.
4.15 and 4.17). For exam ple ju st north o f Sheep Pass there exists a small exposure of
Tcp (Plate 2). W alking along a W -E transect through this small outcrop one finds matrix
supported breccias adjacent to W heeler Ridge (akin to the upper most bed in Fig. 4.15).
The breccias fine further eastward away from W heeler Ridge into a coarse clast
supported conglom erate (Tcp in Fig. 4.19). A bout -8 0 m aw ay from W heeler Ridge the
Tcp conglom erates begin to interfinger with Tc conglom erates in a sim ilar fashion
described for the Tcp beds in Sheep Pass. A bout -2 5 0 m aw ay from W heeler Ridge the
Tcp conglom erates pinch out completely. These deposits are interpreted as alluvial fans
that had a much sm aller catchm ent that the Tcp fan in Sheep Pass.
T he interpretation o f the interbedding o f the Tc and Tcp units is diagramed on
Figure 4.22 which shows the evolution of the western side o f the GW T from -1 4 Ma to
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11 Ma. Figure 4.22.a depicts the GWT at -1 4 Ma when the debris flow dom inated Tc
alluvial fan was prograding to the SE, into the field area. At this time there were several
small alluvial fans along W heeler Ridge as well as a much larger fan em anating from
Sheep Pass. As time progressed (Fig. 4.22.b and c) the Tc fan continued to prograde to
the SE and began to interact with the Tcp deposits along W heeler Ridge. A debris flow
event on the Tc fan would bury the distal to medial portions o f a Tcp alluvial fan.
Renewed deposition on the Tcp cones and fan would be deposited on top of the recently
deposited Tc flow. As the Tc fan continued to prograde further it produced a SE facing
slope that was high enough to redirect the flow on the Sheep Pass alluvial fan to the SE
(Fig. 4.22.C). This relationship explains the SE paleoflow and fining direction seen in the
Tcp conglom erates and the lack of Tcp conglomerates north o f Sheep Pass. Eventually
the Tc fan would have com pletely blocked Sheep Pass forcing the Tcp fan to aggrade in
its catchm ent until it could flow out of Sheep Pass and into the GW T. It is possible that
the Tc alluvial fan grew to such a large size that it ended deposition on the sm aller Tcp
fans by filling their drainages. Figure 4.22.d is a hypothetical E-W cross section through
Sheep Pass that shows the interbedded nature of the Tc and Tcp conglomerates. This
interpretation suggests that the Tcp fan was significantly influenced by the depositional
controls of the Tc fan.

Tertiary Hualapai Limestone of the G rand W ash trough (Thgw)
The Thgw unit crops out in the central portion o f the GW T and north of Lake
Mead along the Grand W ash Cliffs (Fig. 4.1). This unit was called the Hualapai
Lim estone by Longwell (1936). W allace et al. (2005) further divided the unit into
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limestone deposits found in the G W T (Thgw) and those in Gregg Basin (Thgb).
Billingsley et al. (2004) referred to the unit as Tertiary siltstone and limestone (Tgl).
This paper uses the classification o f W allace et al. (2005).
Exposures o f the Thgw begin ju st north o f M eadview and thicken to the north
reaching at least 300 m at Grapevine Canyon. Further north the Thgw pinches out at the
southern shore o f Lake M ead. In the northern G W T the Thgw is exposed between Tsg
deposits and the Grand W ash Cliffs (Fig. 4.1) (Billingsley et al., 2004). The contact
between the Tsg and Thgw units is difficult to differentiate because the two units
interfinger. For this study the contact was defined as where limestone beds o f significant
thickness (> 0.75 m) becam e interbedded with siltstone-m udstone layers of lesser
thickness.
The Thgw is prim arily a vuggy, white to pink, limestone with interbeds of red
siltstone-mudstone. The Thgw can vary in thickness, sedimentary structures, and
lithology depending on the stratigraphie interval and location within the basin. As a
result deposits o f the Thgw have been broken into four intervals which were documented
in sections G and H (Plate 1). These intervals are: I) lower limestone, 2) interbedded
limestone/siltstone/m udstone, 3) oncolite and mudstone, 4) upper limestone. The
following describes these four intervals as well as noting lithological changes that occur
along strike elsewhere in the basin.
The lower limestone interval (40 m thick) at the base of section G is
predominantly white to tan limestone with beds 20 to 80 cm thick. These beds are
massive or contain 0.2 - 1 cm wavy laminations (Fig. 4.23). The thin laminations and
wavy bedding o f this unit have been referred to as eggshell texture and is a common
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feature found through out exposures o f the Thgw (W allace, 1999). This section is
interbedded with thin 2 - 5 cm m udstone layers. The mudstone is red, massive, and
follows the wavy bedding of the lim estones above and below it. Locally sparry, white
calcite nodules can be found in specific limestone intervals or at the contact between
mudstone and limestone layers (Fig. 4.24.a). These nodules cut bedding and range in
diam eter between 1 - 4 cm.
Further up section the low er limestone interval changes to a silty-m uddy, red
limestone. Interbedded m udstone-siltstone beds are rare and eggshell texture is abundant.
Oncoids are present in particular stratigraphie intervals that can be traced for several
meters along strike (Fig 4.24.b). Oncoids are 0.4 - 1.0 cm in diameter, spherical to
elliptical in shape, and their internal laminations are concentric and continuous.
Gradationally above the low er limestone interval is the interbedded
lim estone/siltstone/m udstone interval. This interval is 62 m thick and is com posed of
alternating beds of lim estone and siltstone-m udstone-gypsum beds. Lim estone beds
range in thickness from 40 to 100 cm and the thickness of siltstone-m udstone beds is
com m only 30 to 40 cm with some up to 3 m. The limestone beds are vuggy, have
eggshell texture, and localized layers contain oncoids. Locally beds of lim estone are
nodular with no signs o f internal bedding. The m udstone-siltstone layers are blocky with
rare planar laminations. Gypsum veins, sim ilar to what has been previous described in
the Tsg unit, can be found in siltstone-m udstone layers greater than 40 cm thick. In both
the lim estone and siltstone-m udstone layers local calcite nodule rich layers exist.
This interbedded lim estone/siltstone/m udstone interval can be traced several tens
of meters along strike to the south w here it ends at a dry w aterfall (Fig 4.25).
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Here the

m udstone-siltstone layers are fewer, thinner (< 40 cm), and contain no gypsum. The
lim estone layers still have eggshell texture but form massive, resistant bed sets that create
steep cliffs (Fig 4.25.c). These bedsets thin and become interbedded with thicker
m udstone beds towards section G (Fig. 4 .2 5 .a) and in some cases pinch out completely.
G radationally above the interbedded limestone/siltstone/m udstone interval is the
oncolite and mudstone interval, which begins near the top o f section G. Here siltstonem udstone beds dominate with minor lim estone beds. Lim estone beds > 20 cm thick
com m only have eggshell texture and oncoids. Limestone beds are < 20 cm thick, are
vuggy, and show no internal signs of bedding. Gypsum veins are abundant in all o f the
m udstones. This m uddy interval can be traced along strike to where it transitions to
lim estones found at the base of section H.
T he base of section H is dom inated by repeating beds of oncoid packstone
(oncolite) and eggshell texture lim estone (4.23.b). Both bed types range in thickness
from 40-120 cm and have gradational to sharp bases. Oncoids are elliptical in shape and
range in size from 0.5-2 cm in diam eter. Lim estone intervals have some thin (1 cm)
discontinuous interbeds of red mudstone. A bove these alternating beds is another
siltstone and m udstone dominated section sim ilar to the strata at the top of section G.
This upper mudstone section can be followed tens of meters along strike to the south.
G radationally on top of the oncolite and mudstone interval is the upper limestone
interval. This interval is predominantly lim estone with som e interbeds o f siltstonem udstone and is 100m thick. A typical sequence found in this interval is thinly laminated
eggshell texture overlying a mudstone layer. The thin laminations gradually become
thicker and then grade into massive bedding. On top of this is another mudstone bed and
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the sequence starts again. The massive beds are overlain by thick laminations with
eggshell texture and/or oncolites. Thin oncolite layers are com m on and localized calcite
nodules are found in some limestone beds. Interbedded m udstones are massive with few
layers containing gypsum veins. Towards the top of this interval, interbeds o f mudstone
become thicker and more common. This limestone interval is correlative with thick
limestone deposits found to the south in Grapevine W ash. The interval is also notable for
the twenty two individual tuff layers found interbedded within the limestone (see Tts unit
description).

Interpretation
The Thgw unit is interpreted as a freshwater lacustrine system that was
surrounded by evaporative mudflats. This interpretation is based on characteristic
sedimentary structures (e.g. oncoids, calcite nodules, and wavy bedding), the interbedded
limestones and siltstones-mudstones, and stable isotope data from W allace (1999).
For a clearer interpretation o f the Thgw the sedim entary structures found in the
unit must be discussed, namely the oncoids, eggshell texture, and gypsum nodules.
Oncoids and oncolite are interpreted as representing near shoreline deposits o f a
freshwater lake. Oncoids form in shallow water in areas with constant wave disturbance
(Lanes and Palma, 1998). This wave disturbance rolls a developing oncoid and allows
for the developm ent o f continuous laminations (Lanes and Palma, 1998). Therefore, the
oncoids must be deposited in near shore areas that have sufficient wave action.
The origins for wavy laminations are unclear but are here inteipreted as forming
as the result of microbial mats growing in shallow water depths further away from
shoreline. Eggshell texture has been found associated with stromatolites in the Bitter
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Ridge Limestone M ember of the Horse Spring Formation (Bohannon, 1984). Also, algal
bindstones and charophytes have been docum ented elsewhere in the GW T (W allace,
1999). The differences in lamination thickness noted in the eggshell texture are
interpreted to be related to water depth changes in the shallow lake. Thin laminations are
interpreted to have formed in shallow w ater settings where minor fluctuations in the lake
level or clastic input may have stopped limestone deposition. Microbes would recolonize the area once the lake level had increased forming a new lamination. Thicker
laminations are interpreted as having formed in deeper w ater where the effects o f lake
level fluctuation would have been minor. M assive limestones are interpreted to be
associated with relatively deeper areas of the shallow lake where limestone deposition
was uninterrupted for extended periods o f time.
M udstone-siltstone interbeds within the Thgw are interpreted as paleosols, sim ilar
to those described in the Tsg unit. This interpretation is based on the high abundance of
gypsum veins and the lack of planar laminations within these beds. Subaerial exposure is
also indicated by the presence o f nodular limestones in the Thgw, which have been
docum ented as forming in subaerial palustrine settings (Platt, 1989). In addition, the
calcite nodules found in the Thgw unit resemble evaporite nodules that form within the
sediments in evaporative mudflats (Kendall, 1992). These nodules can be precipitated as
gypsum, anhyrdrite, or halite and are associated with the formation o f efflorescent crusts
(Smoot and Castens-Seidell, 1994). Diagenetic processes can replace the evaporite
minerals with calcite (Kendall, 1992). The presence o f these nodules in siltstonesmudstones beds agrees with previous descriptions of an evaporative mudflat, but origin
of nodules in the limestone beds is less clear. It is likely that nodules in the limestones
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form ed when lake level was low exposing the freshly deposited limestones to evaporative
conditions, thus forming the nodules. Consequently, sections G and H are interpreted as
recording different stages of lake level. The low er limestone interval contains few
siltstone-m udstone beds and calcite nodules im plying that lake level was high and
remained constant throughout deposition of much o f this interval. The interbedded
lim estone/siltstone/m udstone interval represents a time o f continual fluctuation at a low
lake level. Abundance o f gypsum veins, calcite nodules, and nodular limestones implies
that the lake bottom was often subaerially exposed. Also, the thin eggshell texture
lim estone implies that the lake, when present, was shallow.
The oncolite and mudstone intervals represents a time when lake level was at its
lowest. The thick mudstone sections, that are laterally continuous for tens of meters,
suggest that the lake area had drastically decreased from the previous two intervals. A
brief period o f shallow lake deposition occurred in the m iddle of this interval represented
by the oncolite beds. In contrast, the upper limestone interval represents a time when
lake level was high. Thick eggshell texture, massive beds, and few siltstone-mudstone
beds imply that the lake was deeper than the other Thgw intervals.
It should be noted that these interpretations only pertain to sections G and H. At
these intervals elsew here in the basin there are thick deposits o f limestone im plying that
the lake was stable in these areas for long periods o f time. Examples o f this can be found
in the along strike variations between the interbedded lim estone/siltstone/m udstone
interval and beds at a locality known as the dry waterfall (Fig. 4.20), and also between
the upper limestone interval (section H, Plate I ) and the virtually clastic free strata of
Grapevine Canyon (Grapevine Canyon Section, Plate 1).
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Further evidence for a freshwater lake interpretation for the Thgw comes from
W allace (1999) who conducted 8'^C and 5 '* 0 isotopic analysis of the Thgw from several
sites in the G W T and Gregg Basin. The isotope data suggest that the Thgw was
deposited in a nonm arine, fresh w ater lacustrine system (Wallace, 1999). This
interpretation is further supported by pétrographie analysis and fossil assemblages found
in the Thgw (W allace, 1999). These results are significant because it contradicts
previous hypotheses that the Thgw was deposited in a marine-estuary setting belonging to
a paleo-G ulf o f C alifornia (e.g., Blair and Armstrong, 1979).
The isotopic data and the presence o f flow stone in some parts o f the GW T suggest
that the lacustrine system was being constantly fed with a source o f fresh w ater (Wallace,
1999). ô'^O isotopes also indicate that this water came from inland sources and from
relatively high elevations (Wallace, 1999). Therefore, W allace (1999) and other workers
(Patchett and Spencer, 2002) have proposed that the freshwater source for the Thgw was
com ing from springs em anating from the G rand Wash Cliffs. Numerous springs are
found throughout the w estern Grand Canyon (Billingsley and W ellmeyer, 2003) and it is
likely that before the developm ent of a through going Colorado River these springs
emptied into the G W T.
These observations allows for developm ent of a model that explains the history o f
the lake in which the Thgw was deposited. Figure 4.26 shows a hypothetical E-W crosssection through the p re -1 1 Ma central GW T. W ater entered the G W T through springs on
the eastern side o f the basin, this formed a freshwater lake adjacent to the G rand Wash
Cliffs. A shallow aquifer was also created by the lake or from other springs in the area.
In places where the aquifer was near the surface, capillary action drove the w ater out and
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gypsum paleosols developed (e.g., gypsum nodules or efflorescent crusts). Near the
present day location of Grapevine W ash there was a significant topographic low, which
the aquifer discharged into, thus form ing a playa.
The origin of this topographic low is enigmatic, because it is separated from the
main lake basin found adjacent to the Grand W ash Cliffs. The most likely way this
topography was produced was related to late stage slip on an intrabasinal fault that was
between the playa and lacustrine depocenters. This fault would have lowered the
elevation in the area of Grapevine W ash just enough to allow for groundwater to
discharge in that location. According to Rosen (1994), in order to develop a thick
gypsum deposit there needs to be a continuous influx of water into a playa basin in order
to keep the water at saturation levels, thus allow ing for the precipitation of gypsum. The
location o f the hypothesized fault is unknown, in part because much of the area where
this fault is predicted to be eroded during the Q uaternary (Plate 2). However, gravity
data collected during this study may point to the location o f this hypothesized fault, as
discussed later.
An alternate hypothesis is that the thick gypsum beds mark a basin wide change in
hydrology. The gypsum beds found in section F and along Grapevine Wash loosely
correlate with mudstone and oncolite interval, the interpreted interval with the lowest
lake level. It is possible that during the mudstone and oncolite interval the Hualapai
lacustrine system dried out substantially and that this event allowed for playa system to
develop in the center of the basin. The causes for this event are poorly understood, but
could be related to reduced activity on the spring system along the Grand W ash Cliffs.
Som etim e after 11 Ma a larger influx of water expanded the size of the freshwater
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lake so that it covered the majority of the basin. By this time the lacustrine system had
becom e the dominant basin center depositional system, replacing the playas and
evaporative mudflats.

Tertiary Non-welded Tuffs and Tuffaceous Sediments (Tts)
The Tts are individual layers that are found interbedded throughout all o f the
M iocene aged sedim entary units in the GW T. The majority o f the tu ff layers are found in
the eastern part of the GW T interbedded with the Thgw and Tsg. Previous workers have
reported 23 individual tuff layers (Lucchitta, 1966). This study has refined this num ber
to 12 definite tuff layers with 27 potential tuff layers, as explained below. Some o f these
layers have been geochemically or radiometrically dated, and are thus im portant tie lines
across the basin.
Tuff layers range in thickness from 2 cm to 2 m and are w hite, gray, or blue/gray
in color. The majority of the tuff layers are 2 - 20 cm thick, white, have a chalky fine
grained texture, and are easily eroded fom iing recessive areas in outcrops. M inor biotite
and feldspar were found in some tuffs >15 cm thick. In sections D, E, and F there are 12
tuffs that have wavy bedding and are discontinuous along strike (Fig. 4.27.a). These tuff
layers are associated with the Tsg and mottled intervals of the Tss. Eighteen sim ilar thin
tuff layers were docum ented in sections H and G. These tuff layers were commonly
found interbedded with the siltstone-mudstone intervals and not with limestone intervals.
T hicker tuffs, 1-2 m thick, are com m only blue/gray in color, have planar or wavy
laminations and some layers have extensive convoluted bedding (Fig 4.27.b). Blue/gray
tuffs com m only have biotite and sanidine, especially at their base. Bases of tuff layers
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are sharp. Some tuffs have slum p features similar to those described in the Tsg. Thick
tuff layers interbedded with the Tss and Tsg do not contain interbeds of the surrounding
strata and some can be traced laterally into Tc deposits where the tuffs are incorporated
into the matrix o f conglomerate beds. In the Thgw, thick tuff layers are separated from
the surrounding limestone/mudstones at their bases but then become interbedded with
siltstone or lim estone towards the top of the layer. Often the tops o f tuff layers have
eggshell texture before the transition into limestone.
Three tuffs in the stratigraphie cross-section have been dated by previous workers.
Tw o of these, found in sections A and B, were dated by Bohannon (1984) using zircon
fission-track methods. The dates for these tuffs are 10.8 ± 0.8 M a and 11.6 ± 1.2 Ma.
The latter tuff can be traced from the Tss into the Tc for several tens of meters. These
dates correspond well to a tuff found in the G rapevine W ash section that has a
tephrachronology age o f 10.9 Ma (W allace, 1999). The same tuff was dated using
sanidine and produced a

date o f 11.08 ± 0.27 (W allace et al., 2005). This tuff

was followed along strike and correlated to tuffs found in section V from Lucchitta
(1966) and to section H (Plate 1). A nother tuff that was previously isotopically dated is
found at the base o f sections E and F. Sanidines were analyzed and yielded a "^°Ar/^^Ar
date o f 13.11 ± 0.08 Ma (W allace, 1999).
Two tuffs that were not docum ented in the stratigraphie sections measured as part
o f this study, but which are still of im portance to this study, are located just north o f
Pearce Ferry and on the western flank o f Grapevine Mesa. Tw o kilometers to the north
o f Pearce Ferry a '^"Ar/'^Ar sanidine age o f 13.94 ± 0 .1 2 M a was obtained (Brady et al.,
2002). Stratigraphically this tuff is near the transition betw een Tc and Tss and
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stratigraphically below the 13.11 M a tuff. On the western flank o f Grapevine M esa a
'^"Ar/^^Ar sanidine age o f 15.29 ± 0.07 M a was obtained (W allace, 1999). This deposit is
significant because it has a 30° dip to the east and is the oldest known deposit in the
southern GW T.

Interpretation
The Tts layers are interpreted as individual air fall tephras that settled onto the
different depositional environm ents in the GW T. Due to their fine grained nature and
few phenocrysts, they are interpreted as being distal deposits of several eruption events.
During the fieldwork phase of this study several layers that were fine grained, chalky, and
white were designated as tuff layers. However, it is possible that many o f these layers are
actually evaporite deposits. The thin, discontinuous tuff layers found in sections D, E, F,
and G could be the product of localized gypsum deposition in small ponds or well
developed efflorescent crusts on evaporite mudflats (Fig. 4.27.a) (Sm oot and CastensSeidell, 1994). These conditions can produce gypsiferous siltstone-mudstone that could
be m istaken for a tuff. However, based on the work o f Lucchitta (1966) and Wallace
(1999), many tuffs occur in the G W T and these layers are considered to be possible tuff
layers. Geochem ical and pétrographie analysis o f these layers is needed to fully
determ ine their origin.
Som e tuff layers that are more than 1 m thick, which implies a more proximal
eruption event or the reworking o f the tuff after initial deposition. The latter case is
believed to have occurred for many of the thicker tuffs in the G W T because o f the
interbedding o f tuff and limestone near the tops o f these units.
The number of Tts layers is variable between measured sections. This is
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attributed to the tuffs not being laterally continuous across the whole o f the basin.

Tertiary Eastern Paleozoic Strata Clast Conglom erate (Tcpe)
The Tcpe unit crops out adjacent to the Grand W ash Cliffs (Fig. 4.1). The unit
extends into the basin from ~ 20m - 4 km in some areas but is completely absent in other
areas (e.g., the central GW T). The most extensive exposures o f the Tcpe are found in the
northern GW T where they are exposed in large, fault controlled canyons in the Grand
Wash Cliffs (Fig. 4.1). Although this unit does not crop out in the study area, a brief
description of it is warranted to allow for a better depositional and tectonic interpretation
o f the GW T.
The Tcpe is a poorly sorted and poorly bedded pebble to boulder conglomerate
com posed o f clasts of Paleozoic strata derived locally from the Grand Wash Cliffs
(Billingsley et al., 2004; W allace et al., 2005). In the northern GW T the Tcpe was
divided into two conformable units by Billingsley et al. (2004). This division is based on
provenance: one unit was derived from more clastic dom inated strata and the other unit
was derived from carbonate dom inated strata. The deposits are found in a series o f NE
striking canyons that contain NE striking, down to the west normal faults at their base.
Near large canyons the conglomerate has a combined maxim um exposed thickness of 774
m (Billingsley et al., 2004). These units interfinger with, and locally overlie, the Thgw.
The Tcpe also interfingers with a basalt flow SE of Pigeon W ash. The basalt flow
em anated from on top o f the Colorado Plateau and flowed down into the GW T. Faulds et
al. (2000) dated the basalt at 8.8 ± 0.08 M a using the ^*"Ar/^^Ar method.
In the southern GWT, the Tcpe is considered to be ju st one unit (Tcp in Wallace,
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1999). It interfingers with the upperm ost layers of the Thgw, but predom inantly overlies
the Thgw along much of the Grand W ash Cliffs (W allace et al., 2005). The Tcpe is
absent for a ~ 6 km stretch starting at the latitude o f Airport Point and moving north
along the Grand Wash Cliffs.

Interpretation
The Tcpe is interpreted as alluvial fans sourced from the Grand W ash Cliffs
(W allace, 1999; Billingsley et al., 2004). Previous workers have interpreted that Tcpe
fans began depositing soon after basin form ation (Lucchitta, 1966; W allace, 1999).
However, there is no evidence for this interpretation. The timing for Tcpe deposition is
probably m ore complex than previously thought and may be different for Tcpe deposits
found in the northern and southern GWT.
In the northern G W T Tcpe deposition is bracketed by the interbedding o f the
Tcpe and limestones, the latter have been correlated with a -1 2 Ma tuff (Billingsley et al.,
2004). The upper age bracket is an 8.8 M a basalt found near the top o f the Tcpe
exposures (Faulds et al., 2000). This is in contrast to the Tcpe deposits in the southern
G W T that are interbedded and overlie the upperm ost layers of the Thgw implying a
depositional age o f -7 .4 M a and younger. A nother difference between these two areas is
the topographic expression o f the Grand Wash Cliffs in plan view (Fig. 4.1). The
northern Grand Wash Cliffs are more sinuous and dissected than the southern Grand
W ash Cliffs. This geom orphology is related to the series o f NE striking, faults that cut
the northern Grand Wash Cliffs. The tim ing for movement on these faults is unknown
but is probably older than deposition o f the Tcpe based on mapping relationships
(Billingsley et al., 2004). These faults helped focus drainages early in the history of the
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Grand W ash Cliffs in order to carve the present day canyons. Based on age data and
geom orphology, the Tcpe fans in the northern G W T are interpreted to have begun
prograding into the basin during the middle M iocene while the Tcpe fans in the southern
GW T began prograding into the basin during the Late M iocene.
The reason for this diachronous deposition of alluvial fans may be the result of the
continued effect o f Early Cenozoic paleogeography (Fig. 2.1). The NE facing slope
form ed by the Kingman uplift can be still observed today on the Colorado Plateau
adjacent to the G W T (Young, 1985). This N E slope may have inhibited the early
developm ent o f alluvial fans derived from the G rand W ash Cliffs by directing drainages
away from the southern GW T.

In the northern Grand W ash Cliffs, the effects o f the NE

facing slope may have been counteracted by fault controlled drainages.
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KEY
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I Lake M ead

I

I Quaternary Alluvium

I

I Paleozoic Strata

■

Proterozoic Igneous
Metam orphic Rocks

Cenozoic Rocks o f th e G rand Wash trough
Hualapai Limestone (Thgw)

Siltstone Gypsum (Tsg)

Sandstone and Siltstone (Tss)
Eastern Paleozoic strata clast
conglom erate (Tcpe)
O • C> ■

■Ô■

X

Igneous-metamorphic clast
conglom erate (Tc and Tcp)

Faults dashed where inferred, bar
and ball on dow nthrown side

F igure 4.1 - Simplified geologic map o f the GW T and G regg’s Basin. Abbreviations:
AP - Airport Point, GB - Gregg Basin, GW - G rapevine Wash, GW F - Grand Wash
fault, PF - Pearce Ferry PW - Pigeon Wash, LBF- Lost Basin fault, LBR - Lost Basin
Range, MV- town o f Meadview, SP - Sheep Pass, WR - W heeler Ridge, and W RF W heeler Ridge Fault. Figure produced using an unpublished Landsat image from
M ichael Rymer , Billingsley and W ellmeyer (2003), Lucchitta (1966), and geologic
m apping completed for this project.
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Figure 4.2 - Rhythm ically deposited beds o f coarse to medium grained
sandstone (resistant beds in photo) and siltstone-mudstone (recessive
beds in photo) found in Sections A - F. Jacob staff (1.5 m long) for scale.
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Figure 4.3 - C onvoluted bedding in the T ss unit in Section D. A bbreviations; eg ss- coarse
grained sandstone with m ica flakes; ec - conovuited, poorly sorted siltstone-m udstone
interbedded sandstone interpreted as an efflorescent crust. A lso note the w avy bases o f these
beds, com m only associated with efflorescent crusts. C ontrast o f picture has been m odified to
show nature o f ec beds.
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F igure 4.4 - Single conglomerate bed in Tss in Section D. Conglomerate is
m ica rich, matrix supported, poorly sorted, and composed o f angular clasts o f
quartz and feldspars. This bed thickens and coarsens west towards exposures
o f Tc. It is interpreted as the distal end o f a debris flow.
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Mean
Direction

Outer
Circle

Structures Measured

A. T cd

T cd in SheeD Pass

11

21

27%

imbrication

B. T cd

T cd Interbedded with Tc

45

203

16%

imbrication, foresets, trough limbs

C. Tc

Lower Tc

36

167

14%

imbrication, foresets, trough limbs

D. Tc

UDDer Tc

19

144

16%

imbrication

E. Tss

Tss

26

197

15%

foresets, trough limbs

F.Tc

Southern T c exDosure

10

358

30%

imbrication, trough limbs

F igu re 4.5 - Simplified geologic map o f west central GW T with rose diagrams showing
flow directions for different beds within the Tss, Tc, and Tcp. Black arrows show
generalized fining direction for conglom erates. Unit pattern fill and abbreviations are
the same as those used on Figure 4.1.
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i
F igure 4.8 - Siltstone-mudstone bed in Section G. Exposure displays gypsum veins that
are both parallel and perpendicular to bedding. Resistant beds at top o f photo are Thgw.
Jacob staff (1.5 m long) for scale.

F igure 4.9 - Thick gypsum layer at the top o f Section F. Note wavy bedding. This
layer can be traced ~ 1.5 km to the east o f this exposure. Upper half o f Jacob staff
(1.0 m long) for scale.
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A .Tc-cs

B. Tc - ms

C. Tc - ms

D. T cp -cs

E.Tcp-cs
Red Granite

Gold Butte Granite

Plagioclase/
q uartz crystals

M etam o rp hic

P Z /M Z
S edim entary

U nknow n

Granite

F igure 4.14 - Clast count data from exposures o f the Tc and Tcp units in Sections A and
B and from Sheep’s Pass. Location o f clast counts shown on Plate 1, except for E which
is located in Sheep Pass. Provenance o f the crystalline clasts in A - D are interpreted to
have been derived from the South Virgin Mountains. Provenance o f crystalline clasts in
E are interpretated to have been derived from a local crystalline block on the western
side o f W heeler Ridge. These interpretations are based on paleocurrent analysis (Fig.
4.5). Tc - Tertiary crystalline clast conglomerate, Tcp - Tertiary Paleozoic clast
conglomerate, cs - clast supported, and ms - matrix supported. See Appendix A for clast
count data.
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F igure 4.23 - Eggshell texture in the Thgw. A) Close up view o f eggshell texture,
note the pinch and swell nature o f each lamination. B) O utcrop view o f eggshell
texture at the base o f Section H. Darker lam inations are laminations with silt and mud
mixed with the lime-stone. Rock hammer for scale.
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three im ages were taken from the same point in the order (A, B, and then C, with A being
at the northern end o f the canyon). The outlines o f Beds 1 and 2 show the pinching out
nature o f the Thgw as you m ove from basin center (C) to the north. Beds in image C are
typical o f strata o f section G. Bed 1 is eroded away in image A. Bed 2 isn’t exposed in
image C.
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F igure 4.27 - T ts layers in the GWT. A) Thin, white tu ff layers at the base and top o f a
fine grained sandstone bed at the base o f Section F. Layers pinch out after several
meters. Jacob staff for scale. B) Blue/gray tu ff layer in Section G showing planar
laminations. Small white dots in inset are gypsum nodules implying that the layer was
subaerially exposed at one time. At the top o f the im age tu ff begins to interfinger with
limestone im plying lake level had increased. Location o f inset indicated by black arrow.
Rock ham m er for scale.
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CHAPTER 5

STRUCTURAL ANALYSIS
The structural history o f a basin can often help to explain the distribution and
types of depositional environm ents found in the basin (e.g., G aw thorpe et al., 2003).
Recent work by W allace (1999) and Brady et al. (2000) advanced our knowledge o f the
kinem atic history o f the GW T. For the GWT, structural analysis has been useful in
understanding the relationship between Gregg Basin and the G W T (Lucchitta, 1966), but
there is still much to be learned about the overall structure o f the G W T (e.g., basin depth
and geom etry). This chapter describes structural features found in the study area during
the course o f geologic mapping. The following section also outlines interpretations of
how these structures form ed and what influence they had on the tectonic history o f the
GWT.

Faults and M onoclines
A previously undescribed fault and associated monoclines were found on the
eastern side o f the G W T (Plate 2). The fault has normal, down to the west displacement
and a SSW strike. The fault deform s Tsg and Thgw beds that are correlative to strata
docum ented in section G and the first 70 m o f section H. The northern tip o f the fault is
exposed on the southern shore o f Lake Mead where is juxtaposes siltstone and limestone
beds (Fig. 5. La). The fault plane is exposed there and has an attitude o f N-S, 69W. The
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total offset at this location is unknown. However, 360 m south o f Lake M ead there is a
sequence o f limestone beds exposed in the foot wall that resemble limestones exposed in
the hanging wall. Offset at this location is estimated to be ~ 30 m and is believed to
increase further north. Other fault related features at this locale include a SW trending
monocline in the Tsg strata o f the hanging wall and steeper dips of foot wall strata (Plate
2). The former structure is probably a hanging w all rollover anticline.
Tracing the fault further south it changes in attitude to a SW direction and then
becomes covered by Quaternary-Tertiary gravels (Plate 2). Beyond the exposures of the
Quaternary-Tertiary gravels there is a SW dipping monocline that projects into the fault
trace (Plate 2, Fig. 5.1.b). The monocline prim arily deforms Tsg strata and has dips that
range from 8° to 27° to the SW. At the southern m ost exposure of the m onocline a
second fault was observed. This second fault cuts several well docum ented tuffs,
allowing for an offset determ ination of 5 m. Further south o f this exposure the
fault/m onocline dies out. Although the Thgw strata continue to dip to the west there are
no indications that the beds were deformed more than the regional dip o f strata on the
eastern side of the GWT.
Further east there are several SW trending faults that cut the Paleozoic strata of
the Grand Wash Cliffs. These faults have short strike distances, unknown offsets (most
likely small), and do not cut into the Quaternary or Tertiary strata that surround them
(Plate 2). Similar faults have been docum ented along the G rand W ash Cliffs in the
northern GW T (Billingsley et al., 2004).
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Gypsum Veins
The Tsg unit and siltstone-mudstone beds in the Thgw unit are cut by numerous
gypsum veins that are interpreted as joints that were later filled with selenite crystals
(Fig. 4.8). The selenite crystals are oriented perpendicular to the orientation o f the joint
they fill. Vein thickness ranges along strike from 0.5 to 1.0 cm and pinches out after
several meters. The joints are oriented parallel, sub-parallel, and perpendicular to
bedding. They are only found within siltstones and m udstones and do not cut into
M iocene limestone and tuff beds or into younger Tertiary gravels that commonly overlie
the Tsg. Strike and dip measurements were not recorded for the gypsum veins.

Folds
There are numerous open folds found throughout the Thgw. These folds are
divided based on w here they occur. Most commonly folds are small, deforming an area
no more than 5 m wide. They are mostly found in Thgw beds that are > 10 cm thick.
These folds often occur where a limestone bed overlies a siltstone-mudstone interval, but
these folds are not exclusively found associated with this stratigraphie relationship. The
attitude o f these folds is variable, but limbs do not exceed 10° o f dip.
Large folds that deform an area 100 m wide are less common in Thgw exposures
and are found primarily along the Grand W ash Cliffs and near the contact between the
Tsg and Thgw (Plate 2). Folds along the Grand W ash Cliffs trend to the NE and have
limb dips that range from 2" to 38". Folds near the T sg and Thgw contact have a variety
of orientations but are com m only open. Folds o f this kind are found in Grapevine Wash
and near the Grand Wash Cliffs (E-W trending syncline on Plate 2). Just south of the
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field area several long wavelength (>100m), open folds in were noted in exposures of the
Thgw, but the details of these folds were not recorded.

Interpretation o f Structures
The west dipping fault identified during this study and its associated monocline
are interpreted to be a normal fault and a fault tip fold, respectively. Furtherm ore this
fault is believed to be one of the intrabasinal faults o f the GW T as predicted by Brady et
al. (2000). This interpretation is based on the gravity survey conducted in the field area,
which is discussed further in Chapter 6. Both the Bouguer anomaly map and gravity
models of the G W T indicate that there is a rapid change in lithologies at depth in the area
of the mapped fault. This may be the result o f a m ajor normal fault in the area.
This fault is interpreted as one o f several intrabasinal faults that exist beneath the
surface of the GW T. These faults were predicted by Brady et al. (2000) (Fig. 2.3), but
their location in the basin was conjectural. The kinem atics for the predicted intrabasinal
faults are the same as the Grand W ash fault and the newly mapped fault.
M ovement on this fault is younger than the 10.9 Ma tuff that is deform ed by the
fault but Q uaternary-Tertiary gravels that over lie the fault are undeformed. A similar
bracketing of ages applies to final m ovem ent o f the W heeler Ridge fault in the central
GW T (Wallace, 1999). By no means is this proof o f synchronous movem ent on these
faults, but rather evidence for a period o f extension after major basin formation.
The folds and joints within the G W T could have formed by several means
including; the dissolution of an underlying salt body, or m ovement on buried normal
faults. The former interpretation is based on sim ilarities between the structures found in
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the G W T and the Permian Palo Duro basin in Texas. Siltstones and sandstones within
the Palo Duro basin were deformed by small offset faults (normal and reverse) and joints,
both of w hich were filled with gypsum after their formation (Goldstein and Collins,
1984). G oldstein and Collins (1984) utilized stratigraphie, structural, and well log data to
determine that these structures were created by the progressive dissolution of an
underlying salt body. Their model suggests that the direction of extensional stress acting
on the overlying strata changes depending on the location of the dissolution front o f the
salt body. In the initial stages, burial of the strata produces vertical fractures that are later
filled with gypsum crystals perpendicular to the fracture (Goldstein and Collins, 1984).
As the dissolution front progresses, the strata begin to collapse forming horizontal and
inclined joints and faults (Goldstein and Collins, 1984). These faults and joints are filled
with gypsum crystals parallel to bedding (Goldstein and Collins, 1984). The
relationships between joints and gypsum crystals described by Goldstein and Collins
(1984) are sim ilar to those found in the GW T.
Further support for a dissolved salt body in the GW T comes from the comparison
of the folds in the Thgw to the folds in the Palo Duro basin. Goldstein and Collins (1984)
docum ented numerous synclinal folds in the thick sandstone beds that overlay the jointed
siltstone and sandstone beds. The majority o f these folds are gentle (10° - 20°) and range
in size from 0.3 to 1.5 km (Goldstein and Collins, 1984). Goldstein and Collins (1984)
predicted that due to their higher rigidity, the sandstone beds were able to resist the
jointing and faulting experienced by the underlying siltstone and sandstone beds. As salt
dissolution progressed, however, the sandstone beds began to collapse and fold as the
result o f the removal of the strata beneath them (Goldstein and Collins, 1984). The open
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folds in the Palo Duro basin are similar in size and magnitude to those in the Thgw unit
o f the GW T. Also, like the sandstone beds o f the Palo Duro basin, the Thgw beds are
inferred to have a higher rigidity than the siltstone-m udstone beds that commonly
underlie them. The Tsg-Thgw contact in G rapevine W ash is an area where folding
produced by dissolution is likely to have occurred. At this contact both units are
deformed into several open folds that have wavelengths o f -4 0 m. Also at this contact
there are several, small scale dissolution features sim ilar to those described in the Tsg
(Fig. 4.11). This folded contact lies stratigraphically above thick gypsum beds in the Tsg
that are exposed less than 1 km to the north. Therefore, it is possible that evaporite strata
may have once underlain this area of G rapevine W ash and helped to cause the
deformation seen there.
There is no other evidence for the existence o f a large salt body in the subsurface
o f the GWT. In the Palo Duro basin the described folds and joints are believed to have
been caused by the dissolution of a 90 - 200 m thick salt body. However, it is unknown
what the minimum thickness o f salt is needed to form these structures. The presence of
age-equivalent salt in the Hualapai basin (Faulds et al., 1997), which lies directly south of
the GW T suggests that salt could be present in the subsurface of the GWT. The 2.5 km
thick salt deposit in the Hualapai basin is the largest docum ented terrestrial salt body in
the world (Faulds et al., 1997). Further work is needed to confirm the hypothesis of a
buried salt body in the GW T.
Another interpretation for some of the folds found in the G W T could be related to
potential blind normal faults. The NE trending folds adjacent to the Grand W ash Cliffs
are the most likely candidates for this interpretation. Numerous faults cut the Paleozoic
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strata in the Grand W ash Cliffs in the field area and in the northern GW T (Billingsley et
al., 2004). M ovement on these faults could have produced fault propagation folds in the
overlying limestone beds. Folds found south of Meadview and in Gregg Basin are
interpreted as fault propagation folds (W allace, 1999). However, these folds have much
longer strike lengths ( 1 . 5 - 2 km) compared to the folds documented in the map area (<
500 m). Also, the folds in the map area have orientations that go against the structural
grain o f the GW T (e.g. E-W trending folds). It for these two reasons that a fault
propagation origin for these folds is not favored.
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F ig u re 5.1 - Newly described fault and associated monocline. A)
Newly described fault at northern end w here it juxtaposes Tsg and
Thgw. Image taken looking south. B) Further south the fault become a
m onocline and deforms Tsg strata. Image taken looking north near
Section V from Lucchitta (1966) (Plate 1).
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CH APTER 6

GRAVITY SURVEY ANALYSIS
The gravity survey o f the central G W T provides new inform ation on the basin
structure. The prim ary goal o f the gravity survey was to test tw o different hypotheses
about the depth and geom etry of the GW T (Fig. 2.3). Lucchitta (1966) speculated that
the basin was 5 km deep and had only one fault. In contrast, Brady et al. (2000) believe
the G W T is only 1.5 km deep and has m ultiple intrabasinal faults that are covered by
later M iocene basin fill. Each interpretation implies a unique gravity signature and those
end-m em ber models were compared to the observed gravity anom aly from the survey
com pleted as part o f this study.
The location o f the survey area is shown in Figure 6.1. The Lake Mead shoreline
was lower in elevation at the time o f the survey and the one data point which looks like it
is in the lake was gathered in an area that was exposed subaerially at the time of the
survey. Figure 6.1 also shows the data points that were used in the production of the
maps and models for this chapter. The general geology of the survey area can be found
in Figure 2.2 and a m ore detailed Cenozoic geology is shown in Figure 4.1. For
discussion o f the gravity models a grid was constructed that consisted of three E-W lines
that are called Line A, Line B, and Line C, from north to south respectively (Fig. 6.1).
The regional Bouguer anomaly map (Fig. 6.2) shows the whole GW T and
surrounding area and was created using data collected during this, and previous, studies.
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Many geologic features can be delineated by knowing the density values of the rocks
exposed in the region even prior to modeling the data. The gravity high on the western
side of the map is the South Virgin M ountains, which has Proterozoic igneousmetamorphic lithologies at the surface or shallowly buried. For the GWT, the regional
Bouguer anomaly map is fairly uniform throughout the southern and central G W T with
only a few places where lower values exist. However, the density of data points in this
area is not great enough to warrant any subsurface interpretation. The northern GWT,
however, has a large, negative gravity anomaly that is partly centered in the G W T and in
an unnamed basin formed by the W heeler Ridge fault (the western edge of the northern
GW T on Fig. 6.2). This negative anomaly could be caused by either a sedimentary basin
that is much deeper than the central GW T, low density Tertiary basalts in the subsurface,
or the buried M esozoic section of the Kingman uplift (Fig. 2.1). Support for this latter
idea comes from the negative anom aly on the eastern edge of Figure 6.2 that is shaded in
blue. This negative anomaly lines up with the U pper Grand W ash Cliffs, which are
com posed of more clastic dom inated strata of the Late Paleozoic and Early M esozoic.
These strata have a much low er density then the carbonate dominated strata o f the Lower
Grand Wash Cliffs that border the GWT. The negative anomaly in the northern GWT
could be the product o f a faulted down and buried upper Grand W ash Cliffs sequence that
was originally part of the Kingman uplift in the Early Cenozoic.
A local Bouguer anom aly map (Fig. 6.3) shows the central GWT and surrounding
area (note the Bouguer Anomaly scale is different from Fig. 6.2). Just like in Figure 6.2
the high anomaly on the western side o f Figure 6.3 is the eastern South Virgin
Mountains. The gravity high in the SW corner o f Figure 6.3 is the Lost Basin Range,
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which contains similar lithologies to those in the Gold Butte block. The decreasing
gradient from west to east can be interpreted as increasing depth o f igneous-metamorphic
lithologies and the thickening of low density basin fill o f the GW T, or a com bination of
both. W ithin the GWT there are two gravity lows; one in the eastern field area, and one
just SW of the field area. These lows are no doubt related to the existence o f Cenozoic
basin fill. The increasing gradient in the south central part o f the map could be created by
decreasing basin fill depth and igneous-m etam orphic lithologies closer to the surface.
Few gravity measurements are available for the northern and eastern parts o f the map
area so data interpretation is tenuous in these localities.
The 40 km deep crustal model created for this survey is shown for Line B on
Figure 6.4. The Earth’s crust in the eastern Lake Mead region is 33 km deep on the
western edge of the GWT and 35 km on the eastern edge as constrained by a seismic
survey done by Brady (1998) in Lake M ead. A sim ilar crustal structure has been
interpreted from seismic data by Price and Faulds (1999) in the southern White Hills, -1 5
km south of the southern tip o f the GW T. All gravity models for this study were built on
this crustal model, but subsequent figures in this chapter will be focused on just the first 5
km to in order to reveal the details of the basin portion of the GW T.
All faults were modeled as high angle, planar faults. However, the faults are likely
listric in nature. The models do not preclude a listric geom etry for these faults, but the
decrease in dip o f the fault plane would have to occur below the lowest modeled depth.
In addition, all the models take into account the structural mapping done by Brady et al.
(2000) in the area. Brady et al. (2000) specified rollover fold in W heeler Ridge and that
faults do not exceed bedding cut o ff angles o f 90°.
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Gravity Models
The following discussion outlines the different gravity models created for each of
the three lines and discusses which model is favored for that particular line. For all three
lines a shallow half graben model and multiple half graben models were created because
they are the favored geologic interpretations o f the GW T. The shallow half graben model
is a variation on w ork done by Lucchitta (1966) for the basin. The multiple half graben
models are the inferred basin geom etry based on geologic mapping by Brady et al.
(2000). Although each line had these two models, the models vary from line to line
because of the slight differences in the gravity anom alies between Lines A, B, and C. A
gravity model that w orks for Line A will not w ork for Line B because of changes in the
Bouguer anom aly between them.
Three m odels were created for Line A; a shallow half graben, multiple half
grabens, and m ultiple half grabens with basalt dikes (Figs. 6.5-6.V). The shallow half
graben model has a single fault (at kilom eter 6 along the horizontal axis o f Fig. 6.5) and
has a maximum depth o f 850 m. The gravity anomaly produced by this model is too
large and so this model is rejected. The next model produced for Line A has four half
grabens that are up to 850 m deep (Fig. 6.6). Although this model fits the observed curve
better it is not the preferred model because the dip of W heeler Ridge on the western side
of the basin is unrealistically low (in the model the dip is 16°, but the true dip is 35°).
Also, the model does not fit the observed points at kilom eter 7 and 8. To fix this latter
discrepancy the contact between Paleozoic strata and pre-Cam brian igneous-metamorphic
lithologies was raised by 250 m at the eastern edge of the model. This change did move
the calculated curve closer to the observed, but is unrealistic based on the formations
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exposed along the Grand W ash Cliffs. The third model calculated for Line A is sim ilar to
the previous model in Figure 6.6 but includes a basalt intrusion underneath the Grand
W ash Cliffs (Fig. 6.7). This basalt intrusion lies 750 m below the surface, has a width of
350 m, and extends 4.25 km down into the crust. In reality a basalt dike of this size is
unlikely to exist under the Grand W ash Cliffs, but for the purposes o f modeling, this
large intrusion was created. The modeled intrusion creates a gravitational force that
would be equivalent to numerous basalt dikes, which may lie under the western Colorado
Plateau. Support for basalt intrusions underneath the Grand Wash Cliffs comes from
basalt dikes and flows at the edge o f the northern GW T that have been docum ented by
W enrich et al. (1995). Although potentially unrealistic, the addition of this body allows
for a lowering o f the Paleozoic - Precambrian contact to a more realistic level. A fifth
fault on the western edge o f the GW T was also added to create a more realistic dip for
W heeler Ridge. The resulting model is an excellent fit for the observed data (Fig 6.7).
This model is further supported because it includes a fault within 200 m o f the newly
mapped fault on the eastern side o f the GWT. The model contains five faults; at
kilom eter 0.60, 2.15, 4.0, 4.7, and 6.2. The grabens are 400, 700, 850, 700, and 850 m
deep, respectively.
Four models were created for Line B; a deep half graben, a shallow half graben,
and two different multiple half graben models (Figs. 6.8-6.11). None o f the calculated
curves in the models for Line B match the observed data at kilometer 4 and 9. The
discrepancy at kilometer 4 is believed to be related to an erroneous measurement.
Numerous models were created to try to match this point, but none succeeded in
producing a geologically rational model (i.e.. Paleozoic bedrock topography that goes
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against the structural mapping completed by Brady et al., 2000). Therefore it is believed
that this datum point is anomalous and it was subsequently excluded while creating
models for Line B. The reason for the discrepancy at kilometer 9 is probably related to
an end body issue. There may be an element o f the Colorado Plateau or the crust in this
location that causes the observed and the calculated points to be off by several mCals.
The data point was collected on Paleozoic strata of the G rand Wash Cliffs and so a
mismatch has a lower influence on the calculations for basin depth. Both o f these
anomalous points were not removed from Line B data during the m odeling of Line B. It
is expected that once these points are removed the gravity anomaly for the line will
change and the line will need to be remodeled. Later gravity modeling in the GW T will
take these changes into account, but currently these changes are beyond the scope of this
thesis.
A deep half graben model was created for Line B (Fig. 6.8). This model is based
on the interpretation o f Lucchitta (1966). The gravity anom aly produced by this model is
much lower than the observed gravity anomaly. Therefore, the interpretation that the
GW T is 5 km deep is rejected. The shallow half graben model fits the observed data for
Line B (Fig. 6.9). This model has one inferred fault (at kilom eter 6.5) and is 1 km deep.
Although this model matches the gravity anomalies, it does not match the structures
interpreted by the models in Lines A and C. Therefore, this model is considered viable,
but alternate models that match the surrounding geology better were also tested. The
final two models which both have multiple half grabens are fairly similar in their fault
locations but vary in the magnitude of displacement on the faults. The first model (Fig.
6.10) has a relatively deep half graben (1.50 km) at kilometer 5.20. W hile this model fits

the observed curve, the sub-basin at kilom eter 5.2 would result in steep dips in the
hanging wall. These hanging wall dips don’t match the high angle fault documented in
the field, though they could be produced if the fault becom es listric at depth. The second,
m ultiple h alf graben model (Fig. 6.11) has five faults but the displacement on each o f
them is much less (1.10 and 1.15 km). This geom etry resolves the problem of having
excessive dips on the hanging wall and is the favored model for Line B because it fits
best with the favored models for Lines A and C. The faults in this model are at kilometer
0.60, 2.15, 4.00, 5.10, and 6.50. The half grabens they form are 0.40, 1.15, 1.10, 1.15,
and 1.05 km deep, respectively.
Three models were created for Line C: a shallow half graben and two multiple
half graben models (Figs. 6.12-6.14). Like Line A, the shallow half graben model for
Line C produced a calculated curve that is much low er than the observed, thus this model
was rejected (Fig. 6.12). The width of the basin was changed for each o f the two multiple
h alf graben models. In the first model the basin is > 8 km wide (Fig. 6.13) and in the
second the basin is 7.5 km wide (Fig. 6.14). These two models were created because the
observed data at kilometer 7 and 8 do not w ork together in a single model. Therefore, it
is believed that one o f these observed points is erroneous, but it is unclear which point is
incorrect. The model in Figure 6.13 represents a model where the point at kilom eter 7 is
defective and the model in Figure 6.14 represents the model where the point at kilometer
8 is defective. The latter model is favored here because of com parison between the
observed points for Line B and Line C. In both lines the observed point closest to the
G rand W ash Cliffs is substantially low er than the calculated points. These two sim ilar
errors support the idea of an end body problem influencing the easternmost data points.
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It is unclear why a sim ilar error doesn’t appear for Line A. One explanation is that the
end body issue only exists in the southern GW T and not further north. T he gravity model
in Figure 6.14 has faults at kilom eter 0.65, 2.05, 3 .5 0 ,4 .2 5 ,6 .0 9 , and 7.22. The half
grabens these faults form are 0.4 0 ,0 .8 5 , 0.65, 0.85, 1.05, and 0.75 kilometers deep,
respectively.

Interpretation
A basin depth contour map was created based on the favored gravity models for
Lines A, B, and C (Fig. 6.15). This map was made using the gravity models, geologic
knowledge of extensional basins, and structures in the Lake Mead region. For ease of
discussion these faults have been numbered. These faults were created by interpreting
that the faults in each line link into a single fault. There can be several variations of these
fault linkages, but this chapter only explores one variation. There are a total o f five half
grabens with one m inor graben at kilom eter 3.4. Faults 1 - 4 are planar and strike to the
NE. Faults 5 and 6 curve to the left and strike to the NNW. A relay ramp is interpreted
between faults 3 and 4. Fault 6 is interpreted as the Grand W ash fault because it is the
easternmost fault in the basin with the greatest offset. Each half graben has a m aximum
depth o f 1.0 - 1.1 km and is deepest at Line B. The half grabens shallow to the north and
south o f Line B.
The faults created in these models work well with the proposed locations o f faults
predicted by other w orkers and the geologic mapping done for this study. For exam ple,
fault 1 corresponds to a fault predicted by Brady et al. (2000) that offsets the rollover fold
in W heeler Ridge (Fig. 2.3). The location o f fault 5 corresponds well to the fault that
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allowed for the creation of two mid-basin topographic lows, shown in Figure 4.26. These
two lows allowed for synchronous deposition o f a playa to the west and a freshwater lake
to the east (Fig. 4.26). Fault 6 is in close proximity to the newly mapped fault in the
eastern GW T, supporting the idea that the new fault is an M iocene aged inlrabasinal fault.
A problem with the interpreted basin geom etry is that it is limited to just the
survey area because of the sparse data beyond the survey area. This makes it impossible
to create a detailed basin model for the whole GW T. However, it is assumed that many
of the structures documented in the survey area continue to the north and south. Many o f
the mapped faults in the South Virgin M ountains are continuous for several tens of
kilometers (e.g., W heeler Ridge fault has a strike length o f -4 2 km). Another gravity
anomaly ju st SW o f the survey area is o f sim ilar magnitude to the anomaly in the central
GWT. This second anomaly probably represents another sub-basin in the GW T. Faults 2
- 4 could extend from the study area into this sub-basin. Although there are few data
points, there are probably other sub-basins south o f the survey area along the Grand
W ash Cliffs, possibly created by faults 5 and 6. Further geophysical surveys are needed
to better detail the depth and geom etry o f the GWT.
The gravity models and the contour map both support the basin model o f the
GW T hypothesized by Brady et al. (2000) (Fig. 2.3). The deep half graben model (Fig.
6.6) proposed by Lucchitta (1966) failed to match the observed gravity anomalies. Brady
et al. (2000) also predicted that a deep sub-basin would be located close to the W heeler
Ridge to accommodate the roll over fold o f W heeler Ridge. Fault 1 and its associated
basin support this interpretation.
The gravity models also move the Grand W ash fault further basinward from
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previous mapped locations at the base of the Grand Wash Cliffs (i.e. Billingsley and
W ellmeyer, 2003; Lucchitta, 1966). This discrepancy, modeled versus mapped basin
bounding faults, is a common problem when comparing geologic maps to gravity models
(Langenheim, 2005). Usually this problem is solved by using other geophysical
techniques (Langenheim, 2005).
Another problem with the gravity models relates to the distance between the
easternmost basin fault (fault 6) and the Grand Wash Cliffs. If fault 6 was restored to its
pre-extension position there would be a sizeable gap between the Paleozoic strata faulted
by fault 6 and the present day Grand Wash Cliffs. This would result in a large volume of
rock that is unaccounted for. It is unlikely that the strata were eroded and deposited into
the GW T because such erosion would create large alluvial fans on the eastern side of the
basin and mapping has shown that these fans do not exist. A likely possibility is a series
of near vertical faults that have large, down to the west displacements. These faults
would exist between fault 6 and the Grand W ash Cliffs and be capable o f displacing a
section o f Paleozoic strata down to basin level (see cross section in Plate 2). Near
vertical faults with large displacements have been documented along the Grand Wash
Cliffs in the northern G W T (Billingsley et al., 2004). There is at least one o f these high
angle normal faults in the field area (Plate 2), but the am ount of offset on the fault is
minor. It is possible that more high angle faults exist in the subsurface, but are covered
by M iocene basin fill. The existence of these high angle faults with large displacements
was not modeled for any o f the three lines because of the low density contrast between
the Proterozoic basement and the overlying Paleozoic strata (0.01 g/cm^). It is unlikely
that the calculated curve would change much if these faults were modeled. Higher
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density gravity surveys o f the Grand W ash Cliffs area could potentially better identify the
existence of these faults.
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F igure 6.2 - Bouguer anmolay map o f the GW T and surrounding area. Outline o f Lake
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that scale is different than scale in Figure 6.3.
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F igure 6.3 - Bouguer anom aly map o f the central GW T and surrounding
area. Outline o f Lake M ead in thick w hite line, outline o f GW T in thinner
white line. Color scale for Bouguer anom aly not the same as in Fig. 6.15.
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CHAPTER 7

DISCUSSION
The stratigraphie, structural, and geophysical data collected during this study
allow for thorough testing o f the rift basin hypothesis for the GWT. M ajor similarities
between the G W T and the rift basin model include the basin’s structure, foot wall derived
alluvial fans (Tcpe), the axial playa/lacustrine system (Tsg and Thgw), hanging wall
derived alluvial fans (Tcp), and the total extension amount. Differences between the
GW T and the rift basin model are length of time o f basin formation, basin depth, and the
debris flow dom inated alluvial fan (Tc). The following sections explore these sim ilarities
and differences and how they influence the interpretation of the geologic evolution o f the
G W T and Lake M ead region.

Similarities with the Rift Basin Model
The structural and gravity analyses of the GW T reveal that the geometry o f the
basin is sim ilar to the rift basin model. The G W T is believed to be com posed o f at least
five sub-basins that were formed by west dipping, high angle normal faults that may
becom e listric at depth. This geometry is com parable to the early stage of a rift system,
which is characterized by numerous, high angle normal faults that form several
individual, half grabens (Gawthorpe and Leeder, 2000). As time progresses a rift system
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can evolve in several directions through fault interaction and changes in the locus of
tectonic activity (Gawthorpe et al., 2003). The G W T never progressed into these later
stages due to cessation of extension at -1 4 Ma. Even without these later stages of
tectonism, the G W T still developed many depositional systems sim ilar to rift basins.
One o f these depositional systems is the foot wall-derived alluvial fans (Tcpe)
along the Grand Wash Cliffs.

In both the GW T and the rift basin model these deposits

are coarse conglomerates located adjacent to the m ajor basin bounding fault and do not
form a continuous facies belt along the basin’s margin (Gawthorpe and Colella, 1990).
The only difference between these fan systems is the age o f initiation o f fan deposition.
In rift basins fan deposition is one of the earliest deposits, forming after initial movement
on the fault. This is in contrast to the GWT where the Tcpe fans are interpreted to be a
much later deposit in the basin’s history. The large elevation difference between the
Colorado Plateau and the GW T would suggest that alluvial fans would have formed
throughout the filling of the GW T. This age discrepancy is most likely the result of local
paleogeography (e.g., Kingman uplift redirecting drainages away from the GW T, see
Chapter 4). Hypothetically, foot wall derived alluvial fans would have formed earlier in
the history of the GW T if the NE facing slope o f the Colorado Plateau had not existed.
Therefore, the age difference is not detrimental to the idea of the G W T being a rift basin.
Basin axial deposits in the GW T (Tsg and Thgw ) also correspond well to the axial
deposits in the rift basin model. In a closed rift basin, lacustrine and playa systems
dominate the basin center and foot wall areas o f the basin (Leeder and Gawthorpe, 1987).
This is due to higher subsidence rates in these areas, which creates accommodation for
standing bodies of water. In the GW T, fault controlled depocenters are believed to be the
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reason for the location o f the Thgw and Tsg deposits during the early stages o f the GW T
(Plate 2). Also, fault related subsidence may have played a role in the synchronous
deposition of playa and lacustrine facies (Fig. 4.26). The tim ing of lacustrine systems is
another similarity between the G W T and rift basins. Lacustrine systems com monly
develop in the later stages of rift basin evolution as the result of lower sedim ent influx
(Schlische, 1991). In the GW T, the Thgw lacustrine system increased in size from 11 Ma
until the end of deposition in the basin at 7.5 Ma.
The Tcp hanging wall alluvial fan system in the G W T is the final sedimentary
unit that corresponds to a depositional system in the rift basin model. In the rift basin
model these alluvial fans are stream flow dominated, finer grained com pared to the foot
wall alluvial fans, and are composed of clasts derived locally from the hanging wall
(Leeder and Gawthorpe, 1987; Gawthorpe and Colella, 1990). The Tcp fans along
W heeler Ridge match the sedim entology, provenance, and location o f fans described in
the rift basin model. Lastly, the total amount of extension for the G W T has been
estim ated at 20% based on the cross section by Brady et al. (2000). This amount is
sim ilar to rift basins (Table 7.1).
In summary, the GW T has many similarities with the rift basin model including:
basin structure, foot wall derived and hanging wall derived alluvial fans, and an axial
playa/lacustrine system.

Differences with the Rift Basin Model
Differences between the GW T and the rift basin model include the debris flow
dom inated alluvial fan (Tc), the length of time of basin formation, and basin depth. The
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most dramatic differences between the G W T and the rift basin model are the debris flow
dominated alluvial fan (Tc) and the basin’s depth. Since the Tc fan occupies the hanging
wall side of the GW T it has been associated with the hanging wall alluvial fan o f the rift
basin model (Lucchitta, 1966; W allace, 1999). Analysis of the Tc alluvial fan reveals
that it differs from rift basin alluvial fans in sedimentology, grain size, interactions with
other depositional systems, and the fan’s primary depositional control.
Sedimentological elem ents of the Tc fan that are different from rift basin alluvial
fans are: matrix supported conglom erates, landslide deposit prevalence, coarseness of
clasts (pebbles to boulders), derivation of clasts from a catchment outside o f the basin
(i.e., in the Gold Butte block), and the fan’s interpretation as being a debris flow
dominated fan system. This difference is apparent by comparing the sedim entology of
the Tcp alluvial fan to the Tc alluvial fan. The Tcp alluvial fan has clast-supported
conglomerates, contains no mass wasting deposits, has a much finer clast size (pebbles to
cobbles), was derived locally from the hanging wall, and is interpreted as a stream flow
dominated fan system. These tw o fans occupy similar locations in the basin but have
very different sedimentological characteristics.
Further com parison of the Tc alluvial fan to the Tcp alluvial fan provides another
contrast in regards to the progradational distance and grain size of these fans.

Hanging

wall alluvial fans in rift basins com m only prograde 4 - 8 km into the basin from the fan
head (Gawthorpe and Colella, 1990). This is sim ilar to the Tc fan, which is estimated as
prograding -7 .5 km from its fan head. This distance was estimated by assuming the Tc
fan had a sem icircular shape and its fan head was located near the current day position of
the Colorado River. The difference between these two fans is the clast size at the distal
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ends o f the fan. In rift basins, sand and silt dominate the distal ends o f the fan, whereas
the clast size in the distal parts of the Tc fan can be up to 6 m in diam eter (Lucchitta,
1966). This implies that the Tc fan was a much larger fan system than those found in rift
basins.
Another significant difference with the Tc fan is that it influenced the size and
distribution o f other depositional systems within the basin, nam ely the Tcp hanging wall
alluvial fan and the playa/lacustrine systems (Tsg/Thgw). As discussed in Chapter 4, the
prograding Tc alluvial fan overwhelmed and incorporated the Tcp alluvial fan (Fig. 4.22).
Hanging wall alluvial fans in rift basins will commonly coalesce to form a bajada as
deposition continues through time (Gawthorpe and Colella, 1990), but the relationship
between the Tc and Tcp fans is unique to the GWT. This difference is highlighted by
imaging the catchments for the Tc and Tcp fans. The Tcp fans only drained the W heeler
Ridge area, much like the alluvial fans in rift basins that only drain the hanging wall of
the basin. During Tcp deposition significant amounts o f slip are believed to have
occurred on the Iceberg Canyon fault (Brady et al., 2000). This movem ent would have
only allowed the Tcp fans to source material from W heeler Ridge, other source areas
were physically separated from the area by faults. In contrast, the source area for the Tc
fan was much of the Gold Butte block, a much larger area with potentially greater
topography than ju st W heeler Ridge. The much larger size o f the Tc fan catchment area
exemplifies another contrasting point between the GW T and rift basin models.
With regards to the Tsg/Thgw deposits, deposition o f the Tc fan is interpreted as
having created a topographic barrier that divided the axial playa/lacustrine system into
two separate systems: one in the northern GW T and one in the central GWT. This
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interpretation is supported by the absence o f interbedded Tsg orT h g w deposits in the To
unit. The northward pinch out o f Thgw beds near section G is an indication that the
northern edge o f the central G W T lacustrine system was near the present day southern
shore o f Lake Mead (Fig. 4.25). Also, the increase in sandstone beds in T sg exposures on
the south shore of Lake Mead suggests the influence o f distal alluvial fan deposits from
the north. The importance of these observations is that the axial system was divided by
the Tc into two or more separate depocenters. This division has been docum ented in rift
basins where volum inous basalt flows have covered a portion of the basin floor forming
two lacustrine depocenters (M attis, 1977), but never in regards to a fan depositional
system in the basin.
The prim ary depositional control for the Tc alluvial fan is another aspect that
makes this deposit different from the rift basin depositional systems.

In a closed,

terrestrial basin there are three m ajor elements that control deposition: climate, source
area uplift, and basin subsidence (Shanley and M cCabe, 1994). In rift basins, the latter is
the primary control for the evolution of the depositional systems within the basin (Stein
and Barrientos, 1985; Leeder and Gawthorpe, 1987). Foot wall and hanging wall alluvial
fans both prograde or erode in response to basin subsidence (Gawthorpe and Colella,
1990). Also, axial playa/lacustrine system s are focused in the area o f the basin
undergoing the most subsidence.
However, the Tc fan in the G W T w asn’t controlled by basin subsidence, but by
source area uplift in the Gold Butte block. Uplift of the Gold Butte block was
responsible for: the unroofing and exposure of the Tc fan’s clast lithologies, the transport
energy needed to move debris flows into the GWT, and possibly the longevity of the Tc
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fan. The Tc fan is composed of lithologies that were deeply buried in the Earth’s crust
prior to extension (Fitzgerald et al., 1991). Isostatic uplift o f the Gold Butte block, along
with detachment faulting, was needed to exhum e these lithologies to the surface in order
to be eroded. In addition, isostatic uplift must have produced substantial topography in
the Gold Butte region. High topography produced potential energy, which resulted in
debris flows that could transport large clasts into the GW T from 15.2 to -1 0 Ma. It
should be noted that basin subsidence and clim ate did impact deposition of the Tc alluvial
fan, but source area uplift was the dom inant depositional control.
The other m ajor difference between the GW T and rift basins is the basin depth.
Gravity analysis has shown that the GW T is likely only 1 km deep. This depth is very
shallow compared to the average 6-7 km depth of most rift basins (Friedmann and
Burbank, 1995). Such a large difference implies a different tectonic history for the GWT
than for rift basins.
The extension rate for the GW T is also noticeably different from that o f rift
basins. Based on the structural mapping o f Brady et al. (2000), the eastern South Virgin
M ountains and the G W T have been extended 4.12 km. As mentioned previously, the
timing for extension in the area lasted from 16 to 14 Ma. This gives an extension rate of
2.06 km/Ma, which is higher than the rate for rift systems (0.2 - 0.7 km/M a) (Friedmann
and Burbank, 1995).
The existence of the Tc alluvial fan is a significant departure from the rift basin
model for several reasons: 1) debris flow dom inated, hanging wall alluvial fans haven’t
been docum ented in rift basins before; 2) the Tc fan is believed to have affected the
distribution and size of the hanging wall and axial depositional systems within the GWT,
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which is not seen in other rift basins; and 3) deposition o f theT c fan was controlled by
source area uplift instead of basin subsidence. For these reasons the GW T is considered
to be significantly different from the rift basin model. Therefore, the hypothesis that the
GW T is a typical rift basin is false.

Alternate Basin M odels - Supradetachment Basin
If the rift basin hypothesis is false then is there an alternate basin model that could
best describe the GW T? The other major extensional basin model is the
supradetachment basin model purposed by Friedmann and Burbank (1995) (Fig. 7.1 and
Table 7.1) Supradetachment basins form in highly extended terranes that have undergone
large amounts of extension (50-200% ) over short periods of time (<10 Myr) (Friedmann
and Burbank, 1995). This is in contrast to rift systems that have relatively low amounts
of extension (30% ) and evolve over longer periods o f time (30-40 Myr) (Friedm ann and
Burbank, 1995). Extension is accommodated in these highly extended areas by low angle
detachment faults. These detachm ent faults create and dictate the evolution of
supradetachment basins, just as high angle normal faults control the evolution o f rift
basins (Friedmann and Burbank, 1995). Because of the rapid rate o f extension, low angle
normal faults denude their foot wall quickly causing the foot wall to undergo isostatic
uplift (Buck, 1988). The isostatic uplift of the foot wall has a num ber of effects on the
basin’s structure and sedimentary fill including a distal depocenter and basin fill
dominated by mass wasting deposits.
Supradetachment basins have a distal depocenter in relation to the basin bounding
fault (Friedmann and Burbank, 1995). This is the result of foot wall uplift displacing
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accommodation adjacent to the detachment fault (Friedm ann and Burbank, 1995).
Because o f the lack o f accommodation, sediment sourced from the foot wall bypasses the
area adjacent to the fault and is transported to a more distal portion of the basin where the
effects of the foot wall are less (Friedmann and Burbank, 1995). For example, in the
Shadow Valley basin, SW California, 15 km is the minimal distance that sediment was
transported from the foot wall source to the basin’s depocenter (Friedmann et al., 1996).
Another effect o f foot wall uplift in detachment faults is the creation of high
topography (Hill et al., 1992). Davis and Lister (1988) hypothesized that in metamorphic
core com plexes foot wall uplift would need to be greater than basin subsidence.
Considering that supradetachment basins have depths up to 3 km, the uplift of the foot
wall would be substantial. This high topography becom es the dominant source area for
sediment in the supradetachment basin. In arid and tem perate climates, this high
topography results in the development of alluvial fans dom inated by mass wasting
deposits (Friedmann and Burbank, 1995; M cClaughry and Gaylord, 2005). These
alluvial fans transport material long distance into the basin and make up large portions
(30-50%) o f the total basin fill (Friedmann and Burbank, 1995).
Rift basins are in stark contrast to the tectonics and depositional characteristics of
supradetachment basins (Table 7.1 ). In the rift basin model the depocenter is adjacent to
the basin bounding fault instead o f kilometers away (Leeder and Gawthorpe, 1987).
Although foot wall uplift does occur in rift basins (Jackson and McKenzie, 1983) it is less
extensive than in supradetachment basins. Also, rift basins contain minor amounts of
coarse alluvial fan sediments, and are com monly dominated by fluvial or playa/lacustrine
systems (Leeder and Gawthorpe, 1987). The difference between these two models can be
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sum m ed up by looking at what depositional control dominates the basin. As mentioned
above, the three factors that control deposition within a basin are climate, source area
uplift, and basin subsidence (Shanley and McCabe, 1994), the latter of which is the major
control for rift basins (Stein and Barrientos, 1985; Leeder and Gawthorpe, 1987). In
contrast, source area uplift is the major depositional control for supradetachment basins
(Friedm ann and Burbank, 1995). The isostatic uplift o f the foot wall moves the
depocenter into a distal position and produces the mass wasting deposits that dominate
the basin fill (Friedm ann and Burbank, 1995).
The G W T matches the supradetachment basin model in several respects: the role
o f source area uplift, the sedim entology o f the Tc fan, and extension rate. The
relationship between the Gold Butte block and the Tc alluvial fan is similar to the
relationship between the uplifting foot wall o f a detachm ent system and the alluvial fans
derived from it. In supradetachm ent basins the uplifting foot wall eradicates
accommodation adjacent to the fault. This occurred in the South Virgin M ountains where
uplift o f the Gold Butte block and the surrounding terrane prevented the deposition o f the
Tc fan or other depositional systems. Evidence for an uplifting Gold Butte block is found
in the structure o f the normal fault system surrounding the block. Brady et al. (2000)
documented a series of steep, eastward dipping, down to the east faults along the
boundary of the G old Butte block. These faults are interpreted as isostatic rebound faults
that accom m odated uplift of the block (Brady et al., 2000). Also, many of the faults in
the South Virgin show evidence of being rotated by uplift o f the block (Brady et al.,
2000).

In addition, the sedim entary record in the Horse Spring subbasin, which was

adjacent to the Gold Butte block, indicates that at 14 M a the basin was uplifted by the
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Gold Butte block (Beard, 1996).
As the result o f this uplift there were no basins adjacent to the Gold Butte block,
which forced sediment to bypass the area, and be transported -1 7 .7 km to the GWT.
This transport distance is sim ilar to the transport distances in supradetachm ent basins
(e.g.. Shadow Valley basin, Friedm ann et al., 1996).
Sedim entologically, the debris flow dom inated alluvial fan (Tc) is similar to the
foot wall derived alluvial fans in numerous supradetachment basins (e.g., Fedo and
M iller, 1992; Friedmann et al., 1996; Ingersoll et al., 1996; Beratan, 1998; and
M cClaughry and G aylord, 2005). The sedim entological and stratigraphie similarities
between these fans include: landslide and debris flow dom inated stratigraphy, clasts
derived from once deeply buried lithologies, long travel distance for clasts, and transverse
depositional system.
Also, the G W T and supradetachm ent basin model are equivalent in rate o f basin
formation. Low angle detachm ent faults evolve at high rates o f extension (1-12 km/M yr)
(Friedmann and Burbank, 1995). This rate is closer to the extension rate for the GW T
(2.06 km/Myr) than the rate for rift basins.
The supradetachm ent basin model applies to the GW T in several ways: 1) the role
o f source area uplift in the deposition o f the Tc alluvial fan; 2) com parison of the
sedim entology and stratigraphy of the Tc alluvial fan with supradetachm ent basin alluvial
fans, and 3) rate o f basin formation.
Although there are several similarities, the G W T is not a supradetachment basin.
The primary reason for this interpretation is the absence o f an east dipping, low angle
normal fault on the western edge of the South Virgin M ountains, which would be the
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basin bounding fault for a G W T supradetachment basin. Also, the GWT contains many
tectonic and depositional rift basin characteristics that are not associated with the
supradetachment basin model. Therefore, the G W T is not a supradetachment basin.

New Basin Model
The G W T contains tectonic and depositional characteristics of both the rift and
the supradetachm ent basin models (Table 7.1). These characteristics can be plotted
against time for further information on the history o f the GW T. Table 7.2 lists the
characteristics highlighted in Table 7.1 and assigns them a time window when they were
actively affecting the evolution o f the GW T. From Table 7.2 several basic observations
can be made: 1) Movement on high angle and low angle normal faults were synchronous;
2) Rift-style faulting corresponds in tim e with basin subsidence; 3) The coarse alluvial
fan deposition; (Tc) is linked to foot wall uplift on the SVWH detachment system; and 4)
The rift basin depositional systems (Tcpe, Tsg, Thgw) dominate the GW T after rift
tectonism . These four observations help to clarify the major com ponents o f how the
GW T evolved through time. These observations at first glance seem to be exclusive to
either rift or supradetachment systems, but there is a fair amount o f interaction between
these two different tectonic systems. The following details these how interactions
influenced the basin’s history. The first observation reiterates that both high angle (rift)
and low angle (supradetachment) normal faulting were synchronous during the formation
o f the basin. This is to be expected because the SVWH, Grand Wash fault, and
associated intrabasinal faults are part o f the same extensional event. It is unclear if all of
these faults link together in the subsurface or if they are independent of each other.

144

Based on seismic reflection data Brady (1998) interpreted that the high angle faults in the
eastern Lake M ead region linked with the SVWH in the upper middle crust. This
interpretation is further supported by seismic data from the southern White Hills that
shows several major normal faults soling into a detachment surface at -6 -1 2 km depth
(Price and Faulds, 1999). Although the two different styles o f faulting were synchronous,
the effects o f these faulting styles (subsidence - high angle, foot wall uplift - low angle)
had different time frames (Table 7.2). This difference in effects is discussed in the next
two observations.
The second observation is that movement along high angle normal faults is linked
with basin subsidence. Basin subsidence is a hallmark of rift system s and is necessary for
the creation accom m odation space that allows for the deposition and preservation of the
various sedim entary units (Leeder and Gawthorpe, 1987). It is clear that movement
along the Grand Wash fault and the intrabasinal faults was the driving force for the
creation of accom m odation space in the GWT. However, the SVW H detachment system
may still have had an influenced on the creation o f accom m odation space in the GWT.
Elsewhere in the eastern Lake Mead region there is evidence that the isostatic uplift of
the Gold Butte block had significant effects on the surrounding structures (Brady et al.,
2000) and basins (Beard, 1996). Evidence for Gold Butte block uplift affecting the GW T
consists of an isostatic rebound fault just west of Gregg Basin in Lake Mead. The fault
was originally described by Longwell (1936), but then reinterpreted by Brady et al.
(2000) to be related to the isostatic rebound faults found along the eastern side of the
Gold Butte block. This implies that the affects o f isostatic uplift were occurring adjacent
to the GW T.
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Supporting evidence also comes from the Hualapai basin ju st south of the GW T
(Fig. 1.2 and 2.3). The Hualapai basin and the GW T have some similarities in their
depositional and tectonic histories, but the Hualapai basin is deeper (-3.8 km) and
extended for a longer period o f tim e ( - 1 6 - 13 or 9 Ma) than the G W T (Faulds et al.,
1997). There are many factors that could explain the above differences between these
two basins, but the major difference is that the Hualapai basin didn’t have an active
detachm ent fault system in close proximity. If the differences between the G W T and
Hualapai basin are related to the presence o f a detachm ent fault system then it could be
supposed that foot wall uplift on the detachment system prevented further extension of
the GW T. The relationship between the isostatic uplift and the end of extension on high
angle normal faults has been docum ented in several metamorphic core complexes in
Arizona (Spencer, 1984). Spencer (1984) argued that foot wall uplifted could be
substantial enough to prevent further extension on portions o f the detachm ent’s upper
plate. Once again the eastern Lake Mead region is not a metamorphic core com plex but
the timing that Spencer ( 1984) argues for does work for the region. At -1 4 M a there is
an increase in the amount o f uplift on the Gold Butte block (Beard, 1996). Around the
same time the G W T stops extending. It could be possible that extension in the GWT,
stuck between the Colorado Plateau and the uplifting Gold Butte block, ended as the
result of activity on the SVW H detachment system.
The third observation is that foot wall uplift on the SVWH was the controlling
factor for the deposition o f the Tc fans from 16-10(?) Ma. The uplift of the Gold Butte
Block was necessary for the production o f coarse material and potential energy needed
for the progradation o f the Tc fans into the GWT. It is unclear whether the foot wall

146

needed to be continuously uplifting during the duration of Tc deposition. Estimates for
the duration of foot wall uplift for other detachm ent fault systems range from 3-6 My
(M iller and John, 1988; Friedmann et al., 1996). However, these estimates are
inconclusive and m ore data is needed before any firm conclusions can drawn. Even
though the Tc fan is clearly related to uplift in a detachment, the role of rift basins
tectonics is equally important in the history o f the Tc fans. W ithout the accommodation
space produced by high angle normal faults the Tc fans would have been directed away
from the GWT.
The fourth observation highlights the timing of supradetachment basin deposition
versus rift basins deposition. The GW T is a unique basin because rift basins depositional
systems are disassociated from rift basin tectonics. The reason for this time offset is that
deposition o f the Tc fans inhibited the deposition o f these rift basin depositional systems.
Only after deposition on the Tc fans had ended did the axial playa/lacustrine system
dominate basin fill.
Due to the differences between the G W T and the two end member extensional
basin types an alternate basin model is hereby proposed that combines aspects o f both. In
this model the basin is created by high angle normal faults, like rift basins. These faults
create accom m odation space for the various depositional systems and focus the location
o f an axial playa/lacustrine system (Tsg/Thgw). Fault movement also produces foot wall
topography that causes the developm ent o f small alluvial fans (Tcpe). However, unlike
typical rift basins, there is a secondary control on the development o f the basin, the
isostatic uplift o f the foot wall on a low angle detachm ent system immediately to the west
o f the basin. As a result there is less accom m odation on the side of the basin nearest the
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detachment system . Also, erosion of the uplifted foot wall produces a large influx of
sediment on this side of the basin forming an expansive alluvial fan. As this fan
progrades into the basin it begins to influence the spatial distribution o f other depositional
systems in the basin by restricting them to particular areas of the basin. The large alluvial
fan system dom inates deposition in the basin throughout its lifetime. Once deposition on
the large alluvial fan ends axial playa/lacustrine systems begin to grow in size and
become the dom inant depositional system. The emphasis of this model is that the basin
has two controls on deposition: 1) movement on high angle faults, which control the
creation of accommodation space and 2) sediment influx from an adjacent low angle
detachment fault system, which controls the distribution o f other depositional systems
within the basin.
A diverse suite o f M iocene basin types exist in the eastern Lake M ead region
making the proposed hybrid model for the GW T not outside o f the realm o f possibility.
For example, the Hualapai basin (Fig. 1.2) formed on the southern strand o f the Grand
W ash fault and its tectonic and sedim entologic history resembles that of a rift basin
(Faulds et al., 1997). In contrast, the sedim entary units found in the northern White Hills
resemble a supradetachm ent basin (see D uebendorfer and Sharp, 1998). The tectonic and
sedimentary developm ent o f these tw o basins was synchronous with the tectonic and
sedim entary developm ent o f the GW T. The spatial proximity o f these different basin
types exem plifies the geologic diversity of the Lake Mead Region and makes the
combination o f features in the G W T associated with different extensional basins more
plausible.
The GW T basin model may also represent how the tectonic and depositional
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characteristics o f extensional basins can change through time. Friedmann and Burbank
(1995) point out that both Death Valley and som e basins in the Rio Grande rift (examples
o f modern day rift basins) had an early depositional and tectonic history similar to that of
a supradetachment basin. Both basins had early high rates of extension along low angle
normal faults. Basin fill during these periods was dominated by megabreccias and debris
flows with some short lived playas (Friedmann and Burbank, 1995). As time progressed,
extension slowed, fault geometries changed, and characteristics associated with rift basins
dominated (Friedmann and Burbank, 1995). Similarly, the early GW T is interpreted to
be dominated mostly by the debris flow Tc fans that resemble deposits in
supradetachment basins. However, after 11 M a deposition of the Tc fan began to wane
and depositional systems more characteristic o f rift basins dominated (e.g., Tsg, Thgw,
and Tcpe). Therefore, the GW T is another exam ple o f a hybrid basin that transformed as
extension progressed.

Implications o f the New G W T Basin Model
The new GW T basin model has im plications for the rift basin model, the
supradetachment basin model, tectonic evolution for the Lake M ead region, and the use
o f alluvial fan deposits in basin reconstructions. The following sections detail these
implications.
The rift basin model is a useful model and applies to many of the different rift
systems found throughout the world. However, there are instances when this model may
not be completely suited to predict the type and distribution o f facies in a basin.
Specifically, if a basin formed in an area with high rates of extension, the basin may have
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developed deposits influenced more by source area uplift rather than basin subsidence.
This would cause the basin to have higher sedimentation rates and/or coarser deposits.
Also, some o f the accommodation in the basin could be eliminated depending on the
proximity o f the basin to an uplifted foot wall. This would result in changes to the other
depositional system s within the basin, as seen in the GW T model. As mentioned earlier,
rift basins contain deposits that are the source for several scientific and econom ic
resources. If these deposits are influenced by factors not stipulated by the current rift
basin model, then there could be problem s with the utilization o f these resources.
A deep lacustrine system is an exam ple of a rift basin depositional system that
would be influenced by nearby detachm ent faulting. Rift basins commonly develop deep
lacustrine system s towards the latter stages of the basin’s evolution (Gawthorpe and
Leeder, 1987; Schlische, 1991). A nearby detachment fault undergoing foot wall uplift
may reduce accom m odation in the rift basin causing the lacustrine system to be shallow
and increase its spatial distribution in the basin. Also, like in the case of the GW T, a
large fan/delta system sourced from the uplifting foot wall of a detachment fault could
prograde into the lake. These fan/delta systems would fill accommodation within the
basin and could divide the lacustrine system in two, thereby reducing the depth and size
o f the lake. This exam ple is significant because deep lacustrine rift basins often deposit
and preserve organic rich sedim ents that later become the source rocks for hydrocarbon
systems. A reduction in accom m odation by a detachment system could reduce the area
o f deposition for organic rich sediment, making the potential size of the hydrocarbon
system smaller. Also, the clastic input of a fan/delta system could completely overwhelm
deposition o f organic rich sediment. This is one example of how a typical rift basin can
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be influenced by factors linked to adjacent tectonics.
The G W T basin model could also be used to interpret basin strata from the early
stages of rifting. As mentioned previously, the early stages o f rift basins can resemble
that o f a supradetachment basin (Friedmann and Burbank, 1995). It may be that the
G W T represents a transition between high rates to lower rates of extension in a rift basin.
This would be a time when depositional systems from the rift and supradetachment basin
models would interact, ju st like in the GW T. For instance, the relative size of coarse
alluvial fans versus playa/lacustrine systems may indicate this basin type transition. The
early GW T is primarily dominated by the Tc fan system, indicating a more
supradetachm ent style basin. The late GW T is prim arily dominated by the Thgw lake
system, indicating a more rift style basin. The size and distribution of these different
depositional systems could be used as a high level indicator for basin type transitions.
The implication o f this study for the supradetachment basin model is the role of
detachment fault corrugations in sedim ent dispersal. In plan view detachment faults have
an “ S” shaped geometry, with what are called anti- and synformal corrugations (Fig.
7.2.a). Figure 2.2 shows an exam ple of this “S” shaped fault geometry along the SVWH,
a synformal corrugation exists at the intersection o f the SVWH and Lake Mead.
Friedmann and Burbank (1995) and several other authors have shown that synformal
corrugations help funnel sediment from the foot wall into the supradetachment basin (Fig.
7.2). Friedm ann et al., (1996) further hypothesized that as movement on the detachment
fault progresses steep sides can develop along the corrugations (Fig. 7.2.c). These steep
sided corrugations could be the source area for the debris flows and landslides that
characterize strata in supradetachment basins (Friedm ann et al., 1996). The coarse debris
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in the GW T, however, was not dependent on fault corrugation. The Tc fan was source
from the eastern side o f the Gold Butte block, away from the active detachment fault
(SVWH) (Fig. 7.3). This implies that the source for the fan’s coarse debris was the high
topography developed by the isostatically uplifting foot wall rather than the steep sides of
the detachment fault. Fault geom etry controlled depositional systems may exist in some
supradetachment basins, but this study has shown that fault corrugation may not be
necessary if there is an actively uplifting foot wall.
This study also has implication for the use of alluvial fan sedimentology in basins
analysis. There are several studies that have utilized facies analysis of alluvial fan
deposits to determine the location of a basin margin (D orsey and Roberts, 1996) or the
originally location o f allochthonous terranes (Topping, 1993; Fryxell and Duebendorfer,
2005). These studies assum e that coarse, debris flows are indicative o f proximal alluvial
fan facies (Nilsen, 1982). W hile this observation is true for many fans, especially those
in w etter climates (Brierley et al., 1993), it does not necessary apply to all fans. Blair
(1999) and this study have shown debris flow dominated fans can have debris flow
deposition in distal portions of the fan and that these distal debris flows can contain clasts
>1 ni in diameter.
An applicable exam ple of problems using proximal fan facies analysis in tectonic
reconstructions is the debate over the origin of the Frenchman M ountain block. The
Frenchman Mountain block is an allochthonous block found in the western Lake Mead
region that has been interpreted as being transported 60 km during the Miocene from its
original position in the South Virgin Mountains. To reconstruct the block’s tectonic
evolution Fryxell and D uebendorfer (2005) used landslide and debris flow deposits at the
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base o f the Frenchman M ountain Block. These coarse deposits are interpreted as being
apart o f an alluvial fan system that was derived from the Gold Butte block and was
deposited synchronously with the Tc fan in the GW T. Fryxell and Duebendorfer (2005)
interpreted these coarse deposits as being proxim al alluvial fan facies and were therefore
deposited within 2 km of their source area, the Gold Butte block. However, in the GW T
landslides and debris flows from the Gold Butte block have clearly been transported
beyond at least 8 km.

In addition, Yarnold and Lombard (1989) described landslide

deposits associated with a detachm ent fault that were deposited 15 km from their source
area. Based on Yarnold and Lom bard (1989) and this study the landslides and debris
flows at the base o f Frenchman M ountain block could have been deposited much further
away from the Gold Butte block than estim ated by Fryxell and Duebendorfer (2005).
This longer distance is significant because Fryxell and D uebendorfer (2005)
reconstruction of the Frenchman M ountain block’s tectonic history is dependent on the
block being initially 2 km away from the Gold Butte block.

153

d)
IP

_o

__
O TD

?

CT)
• a

c

OX)

g

II
00

c/3

CA
S5
CQ

o
p.

c

II

E

II
s
u

(D

CO

c
o
X3

5
u

t)
%
u

o

”«
CO
CO
XI

3
CZ!

I*

II

ll
IO OiJ
Q5

o .

CS

X

s
3

C
"O
c

U

Ô

o

£d) KT3
o

o

C /3

A
c
/3
CJ

OJ
c

Ê
3

s

o

c

,0

o

CL

CO
cS

c/3

X

rn
a

3

OJ
X
«
P

E

cs

(L)
CJ

c

o

CO
C3

00

X

op
X

O
V )

OJ

3

d>
d>

-o

CS

Ip

O
O.

-o
d)
>
*u

d)

3

(Ü
c/3

I

C t.
O

CO

C
3

▲

o

c/3
3

JD

.3
o

(U

CG

1

c/3
C/3
d)

c/3
O
a
(U
TD

3

d)
C
3
C

lU
T3

0

V

CG

EP

CL

d)

3
O
JD

01
C
o

-o
(L>

CO
O

>

o

E

c/3

.È '

S
C .

i

lU
3
GÛ

T3

-o
<u
o
U

cs

01

C

O)

<L)

GÛ

C

u

JS

'c o

Dû

g

c

£

_C

c

3

d)

X

3

T3

d)

OJ

d)
O

OJ

CL
d)

CCS

Q

CO

O

13

3

>

C

OJ

E? o
QJ

cs

u

d)

E

t;

X

CZ)

13

OX)
_c

to

;
c/3
C /I

"g
(X

A

u

c/3
Ü

o

(U

X

OXJ
IS
CUQ

(D

CO
o

ca
■5 u

o

C/3
o

JD

CL
QJ
TD

c/3

CG
JD

g-^ §;

-T 3

C

3
q

111
U 3 -O
=

^5(U "O;
O) cn C

XI
a
H

H£

c

r -

CO

c

X

<u

£

o

r -

X
O)

CO
(U

r

OÛ

OJ
•o

b
CG

o

£5

CÛ
c

o—
S 15

CG

V

CJ

ju

g - - ^
Q

5

c /3

o

c

cn

T3

o

>
o

OX)

Ç
c/3
3
JD

'ÔX)

c
CCS

%2
— 5x)

c

rs
o

X

d)

OJ
-a

JG

CO

>>
JD

a
OJ

d)

13

c
cs

C

0X1

0

o o
:S

ti

O

c/3
CG
CQ

CL
d)

Û

O
-o
c/3

d)

cs

_g

C /3
*C ?3

O

CL
d>
"O

£
3

CJ
CJ

I
c /3

3

03

DÛ

3

K g

C

CO

B

C

-I
ai Ü
,CS

V

3

c
cS

CO

d)

(U

c

d)

CO

OJ

CJ

§ E
O

c

o

3

os
OJ
£

CUD

£

-a

CO
CO
OJ
3

cs

OJ

CO

:

-g

CO

CL

o

OX)

£

OJ

£

CJ

"5

"£

CG

VI

CG

£

"5

I^

o
_o
o
c

X

C

(Q

X
cs
OJ

d)
3

C

OJ

£
OJ
c /3

▲

S 3 IlS ! 4 3 p K 4 B q 3 3 IU O p 3 JL

154

saiisi4opB4Bq3 iBuoiqsodod

“O

00
On

(U
B

0

_c

1cq
O
T3
C
cq
■ s^
u lO
(U ON
1—1 ON

^ i

il

CO

E 3

‘55 CQ

■21
2

I

<I
|ï
c/i " S

11
X)

E

ra ' üî
C3
c

0

X!

1 g

p

UJ
.

o

B

"r- -o
çs
p a.
, p

a

k on

155

Table 7.2- Tim ing o f rift vs. detachment tectonics and deposition for the
GWT. Note tim ing for events listed have been interpreted and generalized
in some cases in order to provide clarity.

16 15
Rift Basins
Tectonics

Movement on high
angle normal faults
Depostion controlled
by basin subsidence

Depositional

Deposition controlled
by basin subsidence
Depocenter close to
basin bounding fault
M inor fans derived off
footwall scarp
Later stages dominated
by lacustrine system
Sediment accumulation
rates<0.5 m/kyr

Supradetachment Basins
Tectonics
Movement on low
angle, detachment fault
Deposition controlled
by footwall uplift
Depositional

Coarse fan derived
from uplifted footwall
Sediment accumulation
rates >0.5 m/kyr

15 6

14 13

Tim e (Ma)
12 11 10 9

8

7

s y n f o r m a l c o r r u g a tio n s

a n t i f o r m a t c o r r u g a tio n s

e d g e of b ackshed

a c tiv e r a n g e f r o n t

e n la r g e d f o o tw a ll
^

c a tc h m e n t

s te e p c o rru g a tio n
m a r g in s

F igure 7.2 - Possible topographic evolution o f a detachment fault system. As
m ovem ent along the low angle detachm ent fault progresses the footwall catchment
increases in size and develops steep sides. These steep sides are the hypothetical source
area for land-slides and debris flows found in supradetachment basins. Modified from
Friedmann and Burbank (1995).
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CHAPTER 8

TECTONIC AND DEPOSITIONAL HISTORY OF THE GW T
C om bining the interpretations of this study and those of previous workers a
tectonic and depositional history was created for the central GWT. The following
sections divide this history into four major time periods: pre-16 Ma, 1 6 - 1 4 Ma, 1 4 - 1 1
Ma, and 11 - 7.5 Ma. For each time period an interpretation of the tectonics is given
followed by an interpretation o f the sedimentary response.

Pre-16 Ma
The oldest C enozoic deposit in the G W T is a 128 m section o f Rainbow Garden
M ember o f the Horse Spring Formation at the northern tip o f W heeler Ridge (Beard,
1996). Previous workers have interpreted the Horse Spring Formation to be in the
subsurface o f the central GW T (e.g., W allace et al., 2005). This is unlikely for two
reasons: 1) paleogeography during Early M iocene and 2) the shape of the Rainbow
Gardens basin. The paleo-Perm ian scarp o f the Kingman uplift during the Eai ly Miocene
defined the basin that the Rainbow Garden M em ber was deposited in (Fig. 2.1). This
basin was underlain by strata ranging from the Permian Kaibab Formation to the
Cretaceous Baseline Sandstone (Bread, 1996). The northern G W T would have been
within this basin because the Kaibab Formation underlies it. However, the central GW T
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is interpreted to have been outside of the Rainbow Gardens basin because strata older
than the Kaibab Formation underlie it. Also, based on lithologie and environm ent of
deposition correlations between measured sections of the Rainbow Gardens member
show that the basin was thinning towards the SE (Beard, 1996). This implies that the
edge o f the Rainbow Gardens basin was near the northern tip o f W heeler Ridge and
didn’t extend southward into the central GW T.

1 6 - 14 Ma
Rapid extension and basin formation occurred between 16 and 14 Ma in the
eastern Lake Mead region including movem ent on both the SVWH and nonnal fault
system in the South Virgin Mountains and the formation of the Thum b M em ber and
W hite Hills basins. (D uebendorfer and Sharp, 1998; Beard et al. 2005). Although there is
no record of tectonism in the G W T at 16 Ma, extension is believed to have begun at this
time. Supporting evidence for this is the 8" - 30“ angular discordance between the 15.2
Ma tuff (oldest deposit in the central GW T) and the Paleozoic bedrock it lays upon
(W allace et al., 2005). This suggests that the tuff was deposited after some movement on
the Grand W ash fault and the intrabasinal faults. At -1 5 Ma the Gold Butte block had
been uplifted to the surface (Fryxell et al., 1992). It is unclear the sequence of faulting on
the intrabasinal faults in the GW T. For this study it is assumed these faults moved
relatively synchronously during this time period o f basin formation.
The oldest unit at this lime was probably the southern debris flow dom inated
alluvial fan (Tc and Tss), which lies on top o f 15.2 Ma tuff (Fig. 8.1). Deposition on this
fan was initiated by foot wall uplift on the SVW H. The fan’s head was located at the gap
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between W heeler Ridge and the Lost Basin Range (Wallace, 1999). The source area for
this fan was in the southern part of the South Virgin M ountains, which also contains
exposures o f Proterozoic igneous and metamorphic lithologies, including the Gold Butte
G ranite (Lamb et al., 2005). This fan covered a large area o f the basin floor because of
its proxim ity to the actively uplifting source area.
Shortly after the southern Tc fan established itself the northern Tc alluvial fan
began depositing in the G W T near the present day location o f the Colorado River. This
Tc fan dominantly deposited in the northern GW T until 14 M a when progradation was
directed towards the central GW T. Also, during this time frame the northern Tc fan had
produced the topographic barrier that separated the northern and central GW T
playa/lacustrine systems.
Elsewhere in the basin, evaporite mudflats and playas were forming adjacent to
the foot walls o f intrabasinal faults that were distal to the Tc alluvial fan’s apron (Fig.
8.1). In some areas there was enough displacement on these faults to produce colluvial
w edges and small alluvial fans from the foot wall. A lso at this tim e the Tcp alluvial fans
were forming off o f W heeler Ridge. As W heeler Ridge began to tilt the Tcp alluvial fans
continued to incise into the bedrock forming Sheep Pass and possibly the gap that the
Colorado River currently occupies. The NE facing slope formed by the Kingman Arch
prevented the formation o f alluvial fans derived from the Grand W ash Cliffs.

1 4 - 11 Ma
At -1 4 Ma movement on the Grand Wash fault and other intrabasinal faults had
slowed significantly or ended. Some faults underw ent minor displacement that produced
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monoclines or scarps. At least one intrabasinal fault near Grapevine Wash is believed to
have some movem ent because of the inteipreted topographic low near Grapevine Wash
that the Tsg playa formed in (Fig. 4.26). M ovem ent on the SVWH and the South Virgin
M ountain fault system was probably waning or had ended at this time. However, based
on structural analysis of the area we do know that the Gold Butte Block continued to
isostatically rebound after movement on the SVW H had ended (Brady et al., 2000).
Brady et al. (2000) documented a series o f late stage, steeply dipping, down to the east
normal faults around the Gold Butte Block that acted as isostatic rebound structures
allowing the area to be further uplifted after the end of major movement on the South
Virgin normal fault system.
Soon after 13 Ma deposition slowed and ended on the southern Tc alluvial fan.
The reason for this is unknown, but could be the result o f continued uplift o f the Gold
Butte block redirecting drainages away from the GWT. However, the southern Tc fan
continued to effect sedimentation in the basin because over the ~2 M a it had been
depositing the fan had built up a topographic high along the western GWT. Later basin
center deposits (Tsg and Thgw) progressively onlapped onto the inactive fan surface.
The northern Tc alluvial fan continued to prograde SE into the basin and began
interacting with the Tcp fans along W heeler Ridge. .At -1 2 Ma deposition of the Tc
alluvial fan in the northern GW T ended. This is based on tephrachronology o f Tsg
deposits onlapping the Tc unit near W heeler Ridge (Billingsley et al., 2004). The Tc fan
then began to deposit exclusively in central GW T.
Elsewhere in the basin the Thgw lacustrine system had developed and expanded
along the eastern side of the basin. Fluctuations in climate, water supply from springs

162

coming off the Grand W ash Cliffs, or both are likely to have caused the lake to shrink
and grow in size. By the end o f this time the lacustrine system had replaced the evaporite
mudflats as the dominant depositional system in the central portion of the basin. Also
stream incision o f the Grand Wash Cliffs at this time allowed for the developm ent of
Tcpe alluvial fans in the northern GWT. This interpretation is based on the interbedding
of the Tcpe and the Tsg and Thgw deposits in the northern G W T (Billingsley et al.,
2004).

11 - 7.5 Ma
Tectonism from 11 to 7.5 M a in the region was m inor if nonexistent. The final
movement(s) o f W heeler Ridge fault may have occurred at or past 7.5 Ma. M ovement on
the newly described fault may have also occurred at this time. Isostatic uplift of the Gold
Butte block is assumed to have ended by this time.
The lacustrine system at this time was the dom inant depositional system. As the
Thgw lake increased in its size it onlapped the older Tc and Tcp deposits. Also at this
time the Tcpe fans continued to prograde into the northern G W T and began to form in the
southern GW T.
The end o f deposition on the northern Tc fan north probably occurred between 11
- 9 Ma, but an exact age is unknown. This interpretation is based on the freshwater
signature o f the Thgw lacustrine system. Isotopic analysis of the Thgw shows that the
lake had to have an outlet to allow for the deposition o f freshwater limestone (Wallace,
1999). The only feasible outlet for this lake would have been the northern GWT. The
southern G W T was topographically higher than the Thgw lake level preventing How in
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that direction. Flow out o f the western side of the GW T, near the gap between W heeler
Ridge and the Lost Basin Range was also not an option because the lake level didn’t
reach this point until the final stages of deposition. Therefore, water could have only
flowed out through a spill point in the northern GW T. This would mean that lake level
would have had to be higher than the upper surface of the Tc alluvial fan, which would
have been possible if deposition on the fan had stopped or if there was an increase in
w ater supply. This interpretation is supported by observations of lacustrine systems in
the final stages o f rift basin evolution. Schlische (1991) noted that sediment influx is
reduced during this time allowing for the expansion of a lacustrine system. A similar
relationship is interpreted as existing between the Tc alluvial fan and the Thgw lake.
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F acies K ey
Tc - Igneous-metamorphic clast
conlgomerate

Tss - Sandstone and siltstone

Tcp - Limestone clast
conglomerate

Tsg - Siltstone and gypsum

Tsg-G ypsum

Thgw - Hualapai Limestone

F igure 8.1 - Paleogeography o f the GW T from 16-14 Ma. D uring this time movement
on the Grand Wash fault and intrabasinal faults create the GW T. Rotation o f the hanging
wall causes streams to incise the hanging wall and develop alluvial fans. Elsewhere in
the Lake Mead region uplift in the Gold Butte blocks provides the energy and material
necessary for the deposition o f the southern Tc fan. Later during this time frame,
continued uplift redirects the coarse material from the Horse Spring basin into the GW T
forming the northern Tc fan. M ovement on intrabasinal faults form small halfgrabens in
which evaporative mudflats and pi ay as develop. Grand W ash Cliffs artistically pushed
eastward for better view o f basin.
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F ig u re 8.2 - Paleogeography o f the GWT from 14-11 Ma. Tectonics in the GW T end
except for slight movement on one intrabasinal fault. This fault produces enough
topography in the m iddle o f the basin to form a playa and lake that were independent o f
each other. Deposition on the southern Tc fan had ended and the onlapping basin center
deposits began covering the fan. Deposition on the northern Tc fan continued as the
result o f continued uplift in the Gold Butte Block. The fan continued to prograde into the
basin and grew to the extent that it divide the basin center deposits into two separate
subbasins. The Tcp fans continued to prograde into the basin also, but were strongly
influenced by the Tc fan that was steadly prograding across them. Incision into the
Grand W ash Cliffs began at this time form ing small Tcpe fans (not shown) along the
cliffs. The northern Tc fan Symbols are the same as in Figure 8.1.
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F ig u re 8.3 - Paleogeography o f the GW T from 11-7 Ma. Tectonism in the GW T had
com pletely ended except for movem ent along W heeler Ridge fault (not shown).
Deposition on the northern Tc fan ended and basin center deposits covered the fan
surface. The lake expanded in size across the whole width o f the basin and further
northward creating an outlet for the lake (not shown). Further incision o f the Grand
W ash Cliffs causes further progradation o f the Tcpe fans. Symbols sam e as in Figure 8.1,
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CH APTER 9

CONCULSIONS
The hypothesis for this study was that the GW T represents a closed, terrestrial rift
basin that formed as the result of movement on the Grand W ash fault. The GW T
contains several sedimentary deposits that resemble the rift basin model including; foot
wall derived alluvial fans (Tcpe), axial playa system (Tsg), axial lacustrine system
(Thgw), and hanging wall derived alluvial fans (Tcp). Also, gravity analysis has shown
that the overall structure o f the GW T resembles basins that are in the early stage o f
development as a rift system. However, the debris flow dominated Tc alluvial fan is a
significant departure from the rift basin model in its sedimentology, influence o f other
basin depositional systems, and the role o f source area uplift in the creation o f this
deposit. The Tc alluvial fan, the timing o f basin formation, and the depth of the GWT
strongly disprove the hypothesis this study was testing. These differences are more akin
with depositional and tectonic characteristics found in supradetachment basins. The
regional geology, proximity of the basin to a low angle detachment fault system, and
com parisons o f the Tc alluvial fan to alluvial fans in supradetachment basin are further
support for this correlation. However, the GW T does not have a low angle normal fault
as its basin bounding fault and so the basin cannot be a supradetachment basin. A new
basin model was created in order to com bine all the tectonic and depositional elements o f
the GWT. This model combines the depositional systems created by basin subsidence
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(rift basin related) with the depositional systems created by source area uplift
(supradetachm ent basin related). The latter depositional systems, namely large alluvial
fans derived from the uplifting foot wall o f a detachment system , control the size and
spatial distribution o f other depositional systems within the basin, specifically the axial
playa/lacustrine system.
This study also described a previously unknown fault on the eastern side of the
GW T. This fault has down to the west displacem ent and is believed to have been active
after deposition had ended in the GWT. Also, the gravity analysis conducted in this
study indicates that the G W T has at least five half grabens that range in depth from 0.85
to 1.0 km deep. Both the new fault and the gravity analysis support the interpretation that
the GW T is shallow and has several intrabasinal faults that are not surficially exposed
(e.g. Brady et al., 2000).
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GRAVITY DATA
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QTfe

QUATERNARY AND CENOZOIC SEDIMENTARY ROCKS

Qa

Alluvial deposits (Holocene) Unconsolidated, brown

gray, subrounded to rounded cobbles, sand, silt, and
clay. Cobbles are 2 - 50 cm and consist of Tertiary and Paleozoic
lim es to n es , QTgc c o n g lo m e ra te , and P ale o zo ic q u a rtzite s .
Actively depositing. From Suurmeyer (2007).

;h t r o u g h

Qao

Terraced alluvial deposits (Holocene) Unconsolidated,
brown-gray, subrounded to rounded cobbles, sand,

silt, and clay. Cobbles are 2 - 50 cm and consist o f Tertiary and '
P a le o zo ic lim e s to n e s , Q Tgc c o n g lo m e ra te , a n d P a le o zo ic

10HAVE

quartzites. Forms terraces above active wasfies. Total thickness
< 2 m. From Suurmeyer (2007).

Qf

Alluvial fans (Pliocene? - Hoiocene) Unconsolidated,

b ro w n - g ra y , r o u n d e d , p e b b le s , s a n d , a n d s ilt.
P eb b les are 2 - 50 cm an d consist o f T e rtia ry an d P aleozo ic
limestones, QTgc conglomerate, basalt, and Paleozoic quartzites.
Exposures found w here there is erosion o f Qtg or QTgc deposits
that overlie Tsg or Thgw deposits. Total thickness < 5 m. From
Suurmeyer (2007).

Qc

)RANGLE,

Colluvium (Pleistocene? to Holocene) Gray to lightb ro w n , u s u a lly u n c o n s o lid a te d , ra re ly c a lc ite

c e m e n te d , p oo rly sorted, su b an gu lar to an g u lar, b o u ld er to
sand. A lthough occurring on m any slopes, this u n it w as only
m apped where it was thick en o ug h to conceal th e underlying
unit. From Brady et al. (2002).

QTg

Pediment, stream, and alluvial fan deposits (Pleistocene?

to P lio c e n e ? ) P o o rly c e m e n te d , c la s t to m a trix
supported conglom erate and coarse grained sandstone. Clasts
are ro u nd ed and range in size fro m 2 to 50 cm and consist o f
Tertiary and Paleozoic limestones. Paleozoic quartzites, basalts,
gneisses, and granites. M atrix is a m edium to coarse g rain ed
sandstone. Exposures are fo u n d o verlyin g th e Tss, Tsg, and
T h g w around G rap evin e W ash and the shores o f Lake M ea d .
Imbrication and foresets from unit imply a N to NE flow direction,
Thickness of u n it ra n g es fro m < 5 to 60m . From S u u rm e y e r
(2007).

QTI

sorted conglom erate. M atrix, if pre
mud and fine grained sandstone w itf
subrounded to rounded, range in siz«
clasts th at range in size from a fe w c
found in exposures adjacent to W hee
E or SE which corresponds w ith the P
im b ric a tio n , foresets, and tro u g h
ra n g es from 30 cm to 4 m. Exposu
a d jacen t to W heeler Ridge and in te
beds interbedded with the Tc are bel
o f th e T cp b ed s a d ja c e n t to W h e
unconformity exists betw een Paleoz
T o ta l th ic k n e s s o f u n it is - 1 5 0 rr
Suurmeyer (2007).
Igneous-metamorphic clast
Tc

Brow n to re d , m a trix s i
conglom erate. Matrix is poorly sort
from mud to angular to subangular c
cem ented with calcite. Clasts are an
in size fro m a fe w c e n tim e te r s to
northern map areaTc exposure fine t
w ith th e flow direction derived frorr
trough cross-bedding. Clasts in sou
the north which corresponds w ith fl
im b rica tio n and scours. Clasts are
granite, gneisses, fine grained granite
These lithologles are present in the
km w est of the field area. Bedding
can be ta b u la to r lenticular. Tc gra<
east. An angular unconform ity exist
an d th e Tc u n it. M e a s u re d th ic k r
N o rth ern Tc exposures th icken to t
exposures thicken to the south. From
Tss

Sandstone-siltstone (Miocer
alternating beds ofsandstq

Tsgb
Grand Wash trough (Tss) ar
sandstone is poorly to m o d era tely
grained with subrounded to angular

Landslides (Pliocene? to Holocene) Slump blocks, large

and micas. The siltsto n e beds are i

b o u ld e r s , a n d d e b r is s o u rc e d fr o m T h g w a n d

contain m udstone layers. Some bee
lig h t red and co n tain th icker beds
poorly sorted, matrix supported coi

Tcpe/QTfc(?). Slum p blocks can be 250 m long and 50 m thick
(Wallace, 1999). Landslide is believed to have folded Thgw strata
into anticline and syncline pairs, M aterial from landslide then
preferentially filled synclinal areas. Commonly associated w ith
steep areas in map area that are underlain by nonresistant Tss or
Tsg beds. From Suurmeyer (2007).
Alluvial fan of Grand Wash Cliffs (Pleistocene? to
Pliocene?). M oderately well Indurated, light brow n

clasts are found in te rb ed d e d w ith I
poorly sorted, m atrix su p po rted coi
clasts are found in te rb e d d e d w ith
planar lam inated, brow n m udstonr
include planar and trough cross bedd

clast to matrix supported conglom erate. Clasts are angular to

laminations, and ripple cross lam lnj
tu ff layers and secondary gypsum.;
corner of map. Grades Into the Tsg ir

rounded, range In size from 1 to 30 cm, and consist o f Tertiary

Grapevine Wash. Total thickness ~1

QTfe
113° 56'06"
136°07' 30"

Limestone clast conglome
b ro w n to re d , clast sup

limestone. Paleozoic limestone, and Paleozoic quartzite. Matrix,
w h e re present, is fin e g rain ed sand sto n e and siltsto ne w ith
c a lc ite c e m e n t. B e d d in g ra n g e s fro m 4 0 cm to 1 m th ic k .
Exposures fo u n d exclusively alo ng G rand W ash Cliffs. Total
thickness unknown. From Suurmeyer (2007).

QTf

Older alluvial fan and pedim ent deposits (Pleistocene
to Pliocene?) Gray to brown, poorly sorted, poorly to

m o d e ra te ly c o n s o lid a te d , su b an g u lar to a n g u la r p e b b le to

Tsg

Siltstone-mudstone-gypsLir
m ic aceo u s siltsto n e a n d i

secondary gypsum. Thickness of silt
vary depending on location w ith the (
0.5 m and the latter ranging from 0.1
m assive and tab u lar w ith som e inte
lam inations. M udstone is som etim e
friable or blocky in exposure. Thin fir

iglomerate (Miocene). Light

Muav Limestone, Units

Tuff of Pearce Ferry (middle Miocene) White fine to
m e d iu m -g r a in e d n o n w e ld e d b io t it e t u f f w ith

s u p p o rte d , m o d e ra te ly w ell
, if p resen t, is poorly sorted red
ie w ith calcite cement. Clasts are

lam inations consisting o f 1 to 10 mm of brown mud. Contains
-5 % phenocrysts of which -4 0 % are quartz, -3 0 % plagioclase,

M ountain M em ber of th e Bonanz
dark gray, cliff-forming, burrow -n

i in size from 2 to 30 cm. Angular
a fe w ce n tim e ters to 3 m can be

-2 0 % sanidine, and -1 0 % greenish-brown biotite. Groundmass

o ran g e o v e rp rin t on s ilt-rich po

consists o f v o lc a n ic glass shards ( - 1 0 0 - 2 5 0 pm in le n g th )

W heeler Ridge. Clasts fine to the
h th e flow direction derived from

preferentially oriented parallel to bedding. N onw elded air-fall
tuffs a few m eters s tratlg rap h ic ally above T tp f in th e Pearce

resistant, dark to medium gray dol
gray to w h ite c ry p ta lg a l dolo m

o u g h c ro s s -b e d d in g . B edding
xp o s u re s o f th e Tcp a re fo u n d
id in te rb e d d e d w ith the Tc. Tcp
are believed to be the distal parts
0 W h e e le r R id g e . An a n g u la r

Ferry area have yielded zircon fission track ages of lO.BtO.B Ma
and 11.6±1.2 Ma (Bohannon, 1984); this tuff is intercalated with

thickness is - 8 0 m. From Brady et

Tsgw near or at the shore of Lake Mead in the Pearce Ferry area.
Thickness is -0 .5 to 2 m. From Brady e t al. (2002).

Muav Limestone, Units
E q u iv a le n t to th e Pa

Paleozoic strata and the Tcp unit.
1 5 0 m in s o m e lo c a le s . F ro m

Tephra in Grapevine Wash area (late Miocene) Gray
very fine-grained, sparsely porphyritic nonw elded

St

ic clast conglomerate (Miocene),
trix s u p p o r te d , p o o rly so rte d
ly sorted, w ith grains th a t range
ju lar coarse grained sand, weakly
are angular to subangular, range
e r s t o 9 m in d ia m e te r. In th e
! fine to the SE which corresponds
d from imbrication, foresets, and
in southern Tc exposures fine to
w ith flow direction derived from

tuff Intercalated w ithin lowermost part o f Thgw and upper part
o f Tsgw ; c o n ta in s a p p r o x im a te ly 1 -2 % v e ry fin e g ra in e d
pheno crysts o f - 3 5 % q u a rtz (- 5 0 - 1 0 0 pm in le n g th ), - 3 5 %
titanom agnetite (10-25 pm in length), -1 0 % plagioclase (50-100
p m In len gth ), -5 % sanidine (50 -10 0 pm in len gth ), and -5 %
b ro w n b io tite ( - 1 5 0 pm in len gth ). Green an h ed ra l ch lorite
locally occurs as an accessory mineral around glass. Groundmass
consists entirely of glass shards th at locally display a foliation
parallel to contacts. Locally grades laterally Into dark gray weakly
indurated lenses 2-5 cm thick in the upper 0.5 m of th e unit. The
best exposure is located 0.6 km north o f G rapevine Canyon in
Grapevine Wash; com m only underlain by red silt and sand (1020 cm thick); includes calcareous zones near u p p e r co n tact

jranltes, schists, and lecuogranite.
n th e South Virgin Mountains 15
id in g ranges from 40 cm to 5 m,

w h e re o verlain by Thgw . Glass g eochem istry of tw o samples
(e.g., Perkins et al., 1 9 9 5 ,1 9 9 8 ) ind icate a co rre la tio n w ith a

hickn ess a t S ec tio n A is 95 m.
m to th e north and southern Tc
From Suurmeyer (2007).

10.94±0.03 Ma tu ff in th e Bruneau-Jarbidge volcanic field near
T rap p er Creek in so u th e rn m o st Idaho (M. Perkins, personal
com m unication, 1999). T tgw is probably more widespread but

Is are o fte n m icaceous and can
ne beds of th e Tss are w h ite and
beds o f siltstone. Rare beds of
ed conglom erates w ith angular

Istone. Sed im entary structures
>bedding, normal grading, planar
am inations. Can locally contain
isum. G rades into Tc in th e NW
Tsg in its eastern exposures near

and m udstone w ith primary and
o f siltstone and mudstone beds
h the form er ranging from 0.2 to
mO.1 to 1.2 m. Siltstone beds are
ie intervals having rip p le cross
letim es planar lam inated and is
hin fine grained sandstone with

Bright Angel Formation
s u b o rd in ate lim eston
g ree n an d redd ish b ro w n shale
oscillation ripples, and local cross
of a light brown and dark gray one
o v e rla in by g ree n sh ale w ith w;
thickness ranges from 20 to 40 m.
Tapeats Sandstone (Eai
p ale b ro w n to p ale r
bedded, locally cross-bedded fine
includes both silica and calcite ce
Early Proterozoic gneiss and Midd

PALEOZOIC SEDIMENTARY ROCKS

PROTEROZOIC IGNEOUS AND MET

Hermit Formation and Coconino Sandstone (Permian)
The Hermit Formation is a red, fine grained sandstone

Proterozoic diabase, or
undifferentiated Middl

and mudstone: bedding generally indistinct, with occasional thick
( - 2 m) beds of red and w h ite crossbedded, m ediu m grained

a n d s tro n g ly f o lia te d Early Pri
paragneiss undifferentiated. From

sandstone. Includes at its top the Coconino sandstone, which is a
gr ay Ish ye How to or a n g e , m e d iu m g ra in e d , cro s s-b ed d ed
sandstone (-1 0 m thick). Total thickness -4 7 5 m. In cross-section

Megacrystic-granitic gr

only. From Brady et a I. (2002).

b r o w n t o r e d d is h
(megacrystic) w eakly to m odéra
mainly o f potassium feldspar, pla

Upper member o f the Callville Limestone
(P en n sy lv an ia n ) Thick to m e d iu m b e d d e d , slope
forming, light gray limestone and pinkish gray sandy limestone,
w ith local beds o f yellowish gray sandy limestone. Basal bed is
cross-bedded sandy limestone - 2 m thick that usually weathers
to form a conspicuous dark brown horizon. Total thickness -1 0 0
m. From Brady e t al. (2002).

5s - 1 28m.
ypsum (Miocene) Red, alternating

U n it 2 is m arked by a recessive
carbonate grainstone. Total thickr
al, (2002).

in the southw estern part of the c
from 20 to 40 m. From Brady et al

w ith th e Tss unit. Rare beds of
ed co n glo m erates w ith angular
w ith th e Tss unit. Rare beds of

lim estone overlain by m edium gr
limestone and dolostone w ith an
on silt-rich burrows and along son

was only mapped locally because of limited exposure. Thickness
ranges fr o m -1 m to 2 m. From Wallace et al., (2005).

Tilocene). Red to brown,
andstoneand siltstone in the
Tss) and Gregg Basin (Tsgb). The
a te ly sorted, m ediu m to coarse
igular grains of quartz, feldspars.

brown chert lenses occurs -1 0 m J

Bonanza King Form atio n. Promi

its are co m p o sed o f G old Butte

ic grades into th e Tss u n it to the
I exists betw een Paleozoic strata

Cambrian) Equivalent tc

Pc,

Lower member of the Callville Limestone
(Pennsylvanian) Thick bedded, slope form ing, very

light gray limestone. Abundant orange to reddish brown chert
stringers occur near the top of the unit. Total thickness -1 5 0 m.
From Brady et al. (2002).
Redwall Limestone (Mississippian) Thickly bedded
yellowish gray limestone and dolostone overlain by a
c o n ^ ^ ^ ^ ^ ^ ^ ^ ^ H i ^ ^ ^ ^ ^ ^ ^ ^ d o l o s t o n e a n d dark

and biotite; potassium feldspar g f
typically highly fractured and wè
Cambrian nonconformity. From Vi
Granitic gneiss and arnj
Interleaved reddish bn
w eakly to m o d erately foliated d
YXu

(Xm); restricted to the north-ceri|
cross section only. From Wallace g

Muav Limestone, Units 3 and 4 (Late to Middle

Tuff of Pearce Ferry (middle Miocene) W fiite fine to
m e d iu m -g r a in e d n o n w e ld e d b io t i t e t u f f w ith
lam inations consisting of 1 to 10 mm of brown mud. Contains
-5 % phenocrysts of w hich -4 0 % are quartz, -3 0 % plagioclase,
-2 0 % sanidine, and -1 0 % greenish-brown biotite. Groundmass
co n sists o f v o lc a n ic glass shards ( - 1 0 0 - 2 5 0 pm in le n g th )
preferentially oriented parallel to bedding. Nonw elded air-fall
tu ffs a fe w m eters s tratlg rap h ic ally ab o ve T tp f in th e Pearce
Ferry area have yielded zircon fission track ages of 10.8±0.8 Ma
and 1 1.6±1.2 Ma (Bohannon, 1984); this tuff is intercalated with

Cambrian) Equivalent to the lower part o f the Banded
M ountain M em ber of the Bonanza King Form ation. Unit 3 is a
dark gray, cliff Forming, b urrow -m ottled dolostone w ith some
o ran g e o v e rp rin t on silt-rich portions. Unit 4 is sligh tly less
resistant, dark to medium gray dolostone with interbeds of light
gray to w h ite c ryp talg al d o lo m ite . A p ro m in e n t h o rizo n of
brown chert lenses occurs -1 0 m above the base o f Unit 4. Total
thickness is -8 0 m. From Brady et al. (2002).
Muav Limestone, Units 1 and 2 (Middle Cambrian)
E q u iv a le n t to th e P ap o ose Lake M e m b e r o f th e

Tsgw near or at the shore of Lake Mead in the Pearce Ferry area.
Thickness is -0 .5 to 2 m. From Brady et al. (2002).

Bonanza King Form ation. P ro m in en t cliff fo rm in g lig h t gray
Tephra In Grapevine Wash area (late Miocene) Gray
very fine-grained, sparsely porphyritic nonw elded
tuff Intercalated w ithin lowermost part of Thgw and upper part
Df Tsgw ; c o n ta in s a p p r o x im a te ly 1 -2 % v e ry fin e g ra in e d
ahenocrysts of - 3 5 % q u a rtz ( - 5 0 - 1 0 0 pm in le n g th ), -3 5 %
:itanom agnetite (10-25 pm in length), -1 0 % plagioclase (50-100
jm in len g th ), -5 % sanidine (5 0 -1 0 0 pm in len g th ), and - 5 %
arow n b io tite ( - 1 5 0 pm in len gth ). Green a n h e d ra l ch lo rite
locally occurs as an accessory mineral around glass. Groundmass
consists entirely of glass shards th at locally display a foliation
aarallel to contacts. Locally grades laterally into dark gray weakly
ndurated lenses 2-5 cm thick in the upper 0.5 m of the unit. The
aest exposure is located 0.6 km north of G rapevine Canyon in
Grapevine Wash; com m only underlain by red silt and sand (IQ20 cm thick); includes calcareous zones n ear u p p e r c o n ta c t
w here overlain by Thg w . Glass g eochem istry of tw o samples
e.g., Perkins et al., 1 9 9 5 ,1 9 9 8 ) ind icate a c o rre la tio n w ith a
10.94±0.03 Ma tu ff in th e Bruneau-Jarbidge volcanic field near
F rap p er Creek in s o u th e rn m o s t Idaho (M. Perkins, personal
com m unication, 1999). Ttgw Is probably more widespread but
was only m apped locally because of limited exposure. Thickness

lim estone overlain by m edium gray, bedded, b urrow -m ottled
limestone and dolostone w ith an orange overprint, particularly
on silt-rich burrows and along some bedding planes. The top of
U n it 2 is m arked by a recessive o ra n g e b u ffrc ro s s -b e d d e d
carbonate grainstone. Total thickness is -2 0 0 m. From Brady et
al. (2002).
Bright Angel Formation (Middle Cambrian) Shale and
su b o rd in ate lim estone. The basal parts consist of
g ree n and reddish b ro w n shale c o n ta in in g w o rm burrow s,
oscillation ripples, and local cross-beds. The upper part consists
of a light brown and dark gray oncolitic silty limestone, which is
o v e rla in by g ree n shale w ith w o rm burrow s. A p p ro x im a te
thickness ranges from 20 to 40 m. From Brady e t al. (2002).
Tapeats Sandstone (Early Cambrian) Highly indurated
p ale b ro w n to p ale re d d is h -b ro w n th in to th ic k
bedded, locally cross-bedded fine- to coarse-grained sandstone:
includes both silica and calcite cement. Unconformably overlies
Early Proterozoic gneiss and Middle Proterozoic gabbro-diabase
in the southw estern part o f the quadrangle. Thickness ranges

ranges from -1 m to 2 m. From Wallace et al., (2005).

from 20 to 40 m. From Brady et al. (2002).

PALEOZOIC SEDIMENTARY ROCKS

PROTEROZOIC IGNEOUS AND METAMORPHIC ROCKS

Hermit Formation and Coconino Sandstone (Permian)
The Hermit Formation Is a red, fine grained sandstone

Proterozoic diabase, orthogneiss, and paragneiss,
undifferentiated Middle Proterozoic gabbro-diabase

and mudstone; bedding generally indistinct, with occasional thick

an d s tr o n g ly f o lia te d Early P ro te ro z o ic o rth o g n e is s a n d

( - 2 m) beds of red and w h ite crossbedded, m ediu m grained
sandstone. Includes at its top the Coconino sandstone, which Is a
g ray Ish y e llo w to o ra n g e , m e d iu m g ra in e d , cro s s-b ed d ed

paragneiss undifferentiated, From Brady et al. (2002).
Megacrystic-granitic gneiss (Early Proterozoic)Pale
b r o w n to r e d d i s h - b r o w n , c o a r s e - g r a i n e d

sandstone (-1 0 m thick). Total thickness -47 5 m. In cross-section

(megacrystic) w eakly to m oderately fo liated gneiss; consists

only. From Brady et al, (2002).

mainly of potassium feldspar, plagioclase, quartz, hornblende,
Upper m em ber of the Callville Limestone
(P en n sy lv an ia n ) Thick to m e d iu m b e d d e d , siope
form ing, light gray limestone and pinkish gray sandy limestone,
w ith local beds of yellowish gray sandy limestone. Basal bed is
cross-bedded sandy limestone - 2 m thick that usually weathers
to form a conspicuous dark brown horizon. Total thickness -1 0 0
m. From Brady e t al. (2002).

Pci

Lower mem ber of the Callville Limestone
(Pennsylvanian) Thick bedded, slope form ing, very

light gray limestone. Abundant orange to reddish brown chert
stringers occur near the top of the unit. Total thickness -1 5 0 m.
From Brady et al. (2002).
Redwall Limestone (Mississippian) Thickly bedded
n ro w

o r.H r l n l r . c t f , r . r , r> l,r.rla [n h \ , o

and biotite; potassium feldspar grains are as much as 5 cm long;
typically highly fractured and w eathered reddish-brow n near
Cambrian nonconformity. From Wallace et al. (2005).

YXu

Granitic gneiss and am phibolite (Early Proterozoic)
Interleaved reddish-brown, fine- to medium-grained.

w eakly to m oderately foliated g ran ite (Xgf) and a m p h ib o lite
(Xm); restricted to th e north-central part o f the quadrangle. In
cross section only. From Wallace et al. (2005).
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thickness unknown. From Suurmeyer (2007).

QTf

Older alluvial fan and pedim ent deposits (Pleistocene
to Pliocene?) Gray to brown, poorly sorted, poorly to

m o d e ra te ly c o n so lid ated , su b an g u lar to an g u la r p e b b le to
cobble clast-supported conglom erate w ith m edium - to coarse
grained sand matrix and subordinate lenses and beds of coarse
grained sandstone; beds generally up to 2 m thick; lithologically
similar to Qf w ith clasts of local derivation; occurs as slightly to
strongly dissected erosional rem n an ts as much as 3 m higher
than nearby Qf and Qa. Some upper surfaces contain clasts w ith
rock varnish and thin calcrete crusts suggesting relatively long
exposure. Up to 15(?) m thick. From Wallace et al. (2005).

QTc

Crackle breccia (mid

Chemehuevi Formation (Pleistocene to Pliocene) The
Chemehuevi Formation (Longwell, 1936) Isa light-tan

or buff, pooriy consolidated to unconsolidated, m oderately to
well-sorted, rounded to subrounded medium- to coarse-grained
quartz arenite and siltstone with com m on medium-scale cross
bedding. Exposed a t South Bay; overlain by younger fans and
pediments. Longwell (1936) noted >120 m of alternating largescale cross-bedded and varved siltstone w ithin QTc, extending
b e lo w th e su rfa c e o f Lake M e a d a t S an d y P o in t. Exposed

brown and gray, m
supported crackle breccia; lith(
Paleozoic strata. Tbp is deposit
strata. Tbp probably originated
derived from th e steep slopes
T o ta l th ic k n e s s is u n k n o w n
conglomerates, total exposed
From Brady et al. (2002).

thickness Is as much as - 2 5 m. From Wallace et al. (2005).
Younger stream and alluvial fan deposits (Pleistocene to
Pliocene?) W ell ind u rated, brow n, clast supported
conglom erate. Clasts are rounded, range in size from 2 -1 5 cm,
a n d c o n s is t of T e r t ia r y an d P a le o z o ic lim e s to n e s , Q Tg c
conglom erate, and Paleozoic quartzites. Matrix is a medium to
coarse grained sandstone. Exposure found along major wash
east o f G rapevine W ash. Incorpo rates large fa lle n blocks of
QTgc. Thickness of unit - 4 - 30 m. From Suurmeyer (2007).
Alluvial fan of Grapevine Wash (Miocene? P le is to c e n e ? ). W e ll in d u r a t e d , b r o w n , c la s t
supported conglom erate. Clasts are rounded to subrounded,

Th

sandstone; beds 10 to 50 cm th
Paleozoic carbonates and san
and granite. This unit crops ou
cuts th ro u g h th e rid g e east
d is co n fo rm ab le w ith th e uni
upsection, decreasing from - 5
exposed section. The rapid fa
outcrop is correlative w ith the
th e Horse Spring Form atio n
From Brady et al. (2002).
Tephras, undifferent

ra n g e in size fro m 1 cm - 1 m, an d c o n s is t o f T e rtia ry an d
Paleozoic lim estones. Tertiary tuffs, and Paleozoic quartzites.
M atrix, w here present, is coarse grained sandstone. Bedding
thickness 3 0 - 1 0 0 cm. Sedimentary structures include trough
I 35° 04' 52"
113° 56'06"

a n d p la n a r cross b e d d in g , clast im b ric a tio n s , an d scours.
Exposures found alo n g G rap evine Wash and th e next m ajor

Horse Spring Format
red co b b le co n g lo

W hite to tan and b
u n d lffe re n -tia te d ash-fali tuff
Tsgw. C o m m o n ly re w o rk e d
Thickness of m apped tuffs ra
Wallace et al. (2005).

wash to the east. Small exposures are found buttressed against
Tsg. Paleoflow indicators suggest a NW flow direction (Wallace,
1999). Total thickness 12 m. From Suurmeyer (2007).
ROCKS OF THE GRAND WASH TROUGH

Contact

Dashed where appro

uncertain and dotted where c
East er n P a l e o z o i c s t r a t a cl ast c o n g l o m e r a t e ( Mi ocenePliocene?) Light gr ay t o r e d a n d r e d d i s h - b r o w n , p oo rl y
s o r t e d , al l u v i a l f a n c o n g l o m e r a t e d e r i v e d f r o m t h e G r a n d W a s h

Normal fault

Cliffs. E x p o s e d a l o n g t h e G r a n d W a s h Cliffs n o r t h a n d s o u t h o f t h e

dotted where concealed, que

m a p p i n g ar ea. Cl asts a r e l i m e s t o n e , d o l o m i t e , c he r t , a n d s a n d s t o n e
in r e d d i s h m a t r i x o f s a n d s t o n e a n d g r a v e l d e r i v e d f r o m c a n y o n s

Dashed where

downthrown side; showing st
fault striae.

e r o d e d i n t o P a l e o z o i c s t r a t a o f u p p e r a n d l o w e r G r a n d Wa s h Cliffs.
I n t e r t o n g u i n g o r g r a d a t i o n a l c o n t a c t w i t h t h e u n d e r l y i n g Tsg or
T h g w . Local l y I n t e r b e d d e d w i t h b a s a l t f l o w s t h a t e m a n a t e d f r o m
t h e C o l o r a d o Pl at eau. M a x i m u m e x p o s e d t h i c k n e s s in t h e n o r t h 774

Gently dipping normal fault
hachures on downthrown sid

m. F r o m Billingsley e t al. (2004).

Thgw

Hualapai Limestone (Miocene) Pink to white, vuggy,
thinly bedded limestone or limestone-siltstone of the

Thgb

Grand Wash trough (Thgw) and Gregg Basin (Thgb).

Landslide scarp

Hactiures or

Commonly composed of alternating beds of slltstone-mudstone

Syncline

and vuggy limestone. The former beds range in thickness from

where inferred, dotted where

Approximate locati

ation w ith the form er ranging from 0.2 to
iging from 0.1 to 1.2 m. Siitstone beds are
w ith som e intervals having rip p le cross
rie is som etim es planar lam in ated and is
Dosure. Thin finegrained sandstone w ith
u n d e d g rain s fo u n d in n o rth e rn m ost
m ary gypsum bed is 3 m thick w ith w avy

From Brady et al. (2002).
Redwall Limestone (Mississippian) Thickly bedded
yellowish gray limestone and dolostone overlain by a
conspicuous horizon of interbedded gray dolostone and dark

gypsum veins have parallel, subparallel,

brown chert; generally fossiliferous; in turn overlain by medium
bedded light gray to yellow ish gray sucrosic dolostone. This
formation is a very prominent cliff former, commonly holding up

>ns to bedding, thickness o f veins ranges
) to 1 .0 cm an d p in ch o u t a fte r several

ridge crests In the area. Total thickness is -1 5 0 m. From Brady et
al. (2002).

he Tss near Grapevine Wash. Interfingers
igw to the east and south. Total thickness
im Suurmeyer (2007).
ccia (middle to late Miocene) Reddish

Os

Sultan Limestone (Middle Devonian) Prominent cliff-

da
p8(

form ing olive gray dolostone, com m only including
a b u n d a n t s lllc ifie d s tro m a to lite s or vugs, o v e rla in by less
resistant, w ell bedded olive gray to light gray dolostone. Well-

d gray, m oderately to well indurated clast
iccia; lithologles are entirely composed of
5 deposited disconformably on Paleozoic
iginated as large rock-avalanche deposits
p slopes o f th e South Virgin M ountains,
ik n o w n d u e to b u ria l u n d e r y o u n g e r
îxposed thickness is approxim ately 20 m.
!).

g Formation (middle Miocene) Brown to
c o n g lo m e ra te an d m e d iu m to coarse
50 cm thick; well indurated. Clasts include
and sandstones, and Proterozoic gneiss

sorted, w ell-rounded pale pink to w h ite quartz-arenite beds or
pinkish gray sandy dolostone beds are locally found below the
olive gray dolostone. These may belong to the M ountain Spring
Formation. Total thickness is -1 4 0 m. From Brady et ai. (2002).
UNC

Muav Limestone, undierentiated (Late to Middle
Cam brian) The m id d le C am brian M u av Lim estone
(see Row land et al., 1990) is the thickest and most prom inent

Ttu

Cambrian u nit w ith in the cratonal stratigraphie section of the

Ttu

G rand C a n y o n re g io n . W ith in th e s h a llo w passive m arg in
sequence of southern and central Nevada, th e Bonanza King
F o rm a tio n is th e e q u iv a le n t o f th e la rg e ly c ra to n a l M uav

crops o ut for - 1 0 0 m along the wash that

Limestone. Because the Meadview North Quadrangle contains a
relatively th in cratonal section of Paleozoic sedim entary rocks,

g e east o f Ice b e rg C anyon . It's base is

w e refer to th e m iddle Cambrian carbonates here as the Muav

n th e u n d e rly in g Pc2 : b e d d in g dips fan
from -5 8 ° to -1 7 ° through the -1 0 0 m of

Lim estone. The M uav Lim esto n e w as su b d ivid ed In to th ree
units. From Wallace et al. (2005).

rapid fanning of dips suggests th at this
w ith th e syntecto nicTh um b m em ber of
m a tio n (B ohannon, 1984; Beard, 1996).

idifferentiated (late to middle Miocene)
an and blue-gray very fine- to fine-grained
-fall tu ffs intercalated w ith in T h g w and
iw o rk e d an d a lte r e d to cla y m in e ra ls ,
tuffs ranges from - 3 0 cm to 1 m. From

Tc
Muav Limestone, Unit 5 (Late Cambrian) Equivalent
to the upper part o f th e Banded M ountain Mem ber
or the Bonanza King Formation, although the beds equivalent to
th e u p p e r m o s t B a n d e d M o u n t a in M e m b e r h a v e b e e n
ero s io n a ily re m o ve d and are m a rk ed by th e s u b -D ev o n ian

Ttgw I
Ttpf I

u n c o n fo rm ity. Forms p ro m in e n t bench. Light gray, burrow m o ttle d d o lo m ite overlain by m e d iu m gray b u rro w -m o ttled
d o lo m ite an d in te r b ed s o f lig h t g ra y to w h ite c ry p ta lg a l
dolomite. Total thickness Is -3 0 0 m. From Brady et al. (2002).
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Redwall Limestone (Mississippian) Thickly bedded
yellowish gray limestone and dolostone overlain by a
licuous horizon of in te rb ed d e d gray dolostone and dark
^ chert: generally fossiliferous; in turn overlain by m edium

■

3d lig h t gray to yellow ish gray sucrosic d olostone. This
tion is a very prominent cliff former, com m only holding up
crests in the area. Total thickness is -1 5 0 m. From Brady et

02 ).
Sultan Limestone (Middle Devonian) Prominent cliffform ing olive gray dolostone, com m only including
d a n t s iiic ifie d s tro m a to lite s or vugs, o v e rla in by less
ant, w ell bedded olive gray to light gray dolostone. W eilJ, w ell-rounded pale pink to w h ite quartz-arenite beds or

Qa
Q ao

I

Qc

Qf

QTg
QTf
QTc

ih gray sandy dolostone beds are locally found below th e
gray dolostone. These may belong to th e Mountain Spring
Jtion. Total thickness is -1 4 0 m. From Brady et al. (2002).
UNCONFORMITY

I

Muav Limestone, undierentiated (Late to Middle

C am brian) The m id d le C am brian M uav Lim esto n e
lo w lan d e t al., 1990) is th e thickest and most p ro m in e n t

Ttu

irian u n it w ith in the cratonal stratigraphie section of the

Ttu

d C a n y o n re g io n . W ith in th e s h a llo w p assive m a rg in
3nce of southern and central Nevada, th e Bonanza King
la tio n is th e e q u iv a le n t o f t h e la rg e ly c ra to n a l M u a v
;tone. Because the M eadview North Quadrangle contains a
vely thin cratonal section o f Paleozoic sedim entary rocks,
fer to th e m iddle Cam brian carbonates here as the M uav
stone. The M uav Lim esto n e w as s u b d iv id e d in to th re e
From Wallace et al. (2005).
Muav Limestone, Unit 5 (Late Cambrian) Equivalent
to th e u p p er part o f the Banded M o un tain M em ber
! Bonanza King Formation, although the beds equivalent to

Ttgw I
Ttpf I

jp p e r m o s t B an d ed M o u n ta in M e m b e r h a v e b e e n
p n a lly re m o v e d and are m a rk ed by th e s u b -D e v o n ia n
n fo rm ity. Forms p ro m in e n t b en ch . L ig h t gray, b u rro w led d o lo m ite overlain by m e d iu m gray b u rro w -m o ttle d
m ite a n d in te r beds o f lig h t g ra y to w h ite c r y p ta lg a l
nite. Total thickness is -3 0 0 m. From Brady et al. (2002).
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Chemehuevi Formation (Pleistocene to Pliocene) The

Chemehuevi Formation (Longwell, 1936) is a light-tan
or buff, poorly consolidated to unconsolidated, m oderately to
well-sorted, rounded to subrounded medium- to coarse-grained
quartz arenite and siltstone w ith com m on medium-scale cross
b edding. Exposed at South Bay: overlain by younger fans and
pediments. Longwell (1936) noted >120 m of alternating largescale cross-bedded and varved siltstone w ith in QTc, extending
b e lo w th e s u rfa c e o f Lake M e a d a t S an d y P o in t. Exp o sed

Crackle breccia (middle to lab
brown and gray, m oderatel
supported crackle breccia; lithologiesa
Paleozoic strata, Tbp is deposited disco
strata. Tbp probably originated as large
derived from th e steep slopes o f th e S
T o ta l th ic k n e s s is u n k n o w n d u e to
conglomerates, total exposed thicknes
From Brady et al. (2002).

thickness is as much as -2 5 m. From Wallace et al. (2005).
Th

Horse Spring Formation (mid(

Younger stream and alluvial fan deposits (Pleistocene to
Pliocene?) W ell ind u rated, brow n, clast supported

red c o b b le c o n g lo m e r a te ,
sandstone; beds 10 to 50 cm thick; well

conglom erate. Clasts are rounded, range in size from 2 -1 5 cm,
an d c o n s is t o f T e r t ia r y a n d P a le o z o ic lim e s to n e s , Q Tg c

Paleozoic carbonates and sandstones,
and granite. Thisunit crops out for - 1 0
cuts th ro u g h th e rid g e east o f Icebe

conglom erate, and Paleozoic quartzites. Matrix is a m edium to
coarse grained sandstone. Exposure found along m ajor wash
east o f G rap evin e Wash. In c o rp o ra tes large fallen blocks of

d is c o n fo rm a b le w ith th e u n d erlyin g
upsection, decreasing from -5 8 ° to -1

QTgc. Thickness of unit - 4 - 30 m. From Suurmeyer (2007).

exposed section. The rapid fanning of
outcrop is correlative w ith th e syntect

Alluvial fan of Grapevine Wash (Miocene? P le is to c e n e ? ). W e ll in d u r a t e d , b r o w n , c la s t

th e Horse Spring Form atio n (Bohann
From Brady et al. (2002).

supported conglom erate. Clasts are rounded to subrounded,
ra n g e in size fro m 1 cm - 1 m, a n d co n sist o f T e rtia ry an d
Paleozoic lim estones. Tertiary tuffs, and Paleozoic quartzites.
M atrix, w here present, is coarse grained sandstone. Bedding
thickness 3 0 - 100 cm. Sedim entary structures include trough
and p la n a r cross b e d d in g , clast Im b ric a tio n s , and scours.
36“04' 52"
113° 55" 06"

Exposures fo u n d alo ng G rap evine Wash and the next m ajor

Tephras, undifferentiated (lal
W hite to tan and biue-gray
u nd ifferen tiated ash-fali tuffs interci
T sg w . C o m m o n ly re w o rk e d a n d a lt
Thickness of m apped tuffs ranges fro
Wallace et al. (2005).

wash to the east. Small exposures are found buttressed against
Tsg. Paleoflow indicators suggest a NW flow direction (Wallace,
1999). Total thickness 12 m. From Suurmeyer (2007).
ROCKS OF THE GRAND WASH TROUGH

Contact

Dashed where approximately

uncertain and dotted where concealei
Ea s t e r n Pa l e o z oi c s t r a t a cl ast c o n g l o m e r a t e ( Mi ocen e-

mm#

_L

P l l o c e n e ? ) Li g h t g r a y t o r e d a n d r e d d i s h - b r o w n , p o o r l y

Cliffs. E x p o s e d a l o n g t h e G r a n d W a s h Cliffs n o r t h a n d s o u t h o f t h e

Normal fault Dashed where approxin
dotted where concealed, queried whe

m a p p i n g ar ea. Cl asts a r e l i m e s t o n e , d o l o m i t e , c h e r t , a n d s a n d s t o n e

downthrown side; showing strike and

in r e d d i s h m a t r i x o f s a n d s t o n e a n d g r a v e l d e r i v e d f r o m c a n y o n s

fault striae.

s o r t e d , alluvial fan c o n g l o m e r a t e d e r i v e d from t h e G r a n d W a s h

e r o d e d i nt o P a l e o z o i c s t r a t a of u p p e r a n d l o w e r G r a n d W a s h Cliffs.
I n t e r t o n g u i n g o r g r a d a t i o n a l c o n t a c t w i t h t h e u n d e r l y i n g T s g or
T h g w , Local l y i n t e r b e d d e d w i t h b a s a l t f l o w s t h a t e m a n a t e d f r o m
t h e C o l o r a d o P l a t e a u . M a x i m u m e x p o s e d t h i c k n e s s in t h e n o r t h 774
m. F r o m Billingsley e t al, (2004).

Thgw

Hualapai Limestone (Miocene) Pink to white, vuggy,

Thgb

thinly bedded limestone or limestone siltstone of the
Grand Wash trough (Thgw) and Gregg Basin (Thgb),

Gently dipping normal fault Dashed
hachures on downthrown side.

''''''''''''''
Landslide scarp

Hachures on downtf

----------------------

Commonly composed of alternating beds of siltstone-mudstone

Syncline

and vuggy limestone. The form er beds range in thickness from
30 - 40 cm and th e latter range from 40 - 1 0 0 cm. Bedding in

where inferred, dotted where conceali

Approximate location of axi

*__________________

lim estone is w avy com posed of 0.2 - 1 cm beds th at swell and
pinch out along strike. Bedding can also be massive or nodular.
Oncoids and oncolite are common, diam eter o f oncoids ranges

Anticline Approximate location of ax
where inferred, dotted where conceak

from 0.4 - 1.0 cm. Calcite nodules, 1-4 cm in diameter, appear in
s o m e th in in te rv a ls an d cut b e d d in g . S ilts to n e -m u d s to n e
in te rva ls h ave p la n a r to w av y b e d d in g w ith som e in te rva ls

Monocline Approximate location of a:

having cross-cutting gypsum veins similar to those described in
the Tsg unit. The Thgw interfingers and grades into th e Tsg to

where inferred, dotted where conceak

the north and west. Exposed thickness in map area 1 1 6 m , but
can be as great as 300 m in the Grapevine Canyon area (Wallace
et al., 2005). From Suurmeyer (2007).

Formlines Showing orientation of be
on the cross section.

to late M iocene) Reddish
stately to w ell indurated clast
gies are entirely composed of
disconform ably on Paleozoic
large rock-avalanche deposits
th e South Virgin M ountains,
le to b u ria l u n d e r y o u n g e r
ckness is approxim ately 20 m.

I (middle Miocene) Brown to
ira te a n d m e d iu m to coarse
Ewell indurated. Clasts Include
[ones, and Proterozoic gneiss
r - 1 0 0 m along th e wash that
Ic e b e rg C a n y o n . It's base is
lyin g Pc2 : b e d d in g d ip s fa n
0 - 1 7 ° through th e -1 0 0 m of

QTg:

resistant, well bedded olive gray to light gray dolostone. Wellsorted, w ell-rounded pale pink to w h ite quartz-arenite beds or
pinkish gray sandy dolostone beds are locally found below the
olive gray dolostone. These may belong to the Mountain Spring
Formation. Total thickness is -1 4 0 m. From Brady et al. (2002).

UNCONFORMITY

Muav Limestone, undierentiated (Late to Middle
Cam brian) The m iddle Cam brian M uav Limestone
(see Rowland e t al., 1990) is the thickest and most prom inent
Cambrian unit w ith in th e cratonal stratigraphie section of the
G ran d Canyon re g io n . W ith in th e s h a llo w passive m argin

Ttu
Ttu

sequence o f southern and central Nevada, th e Bonanza King
F o rm a tio n is th e e q u iv a le n t of th e la rg e ly c ra to n a l M uav
Limestone. Because th e Meadview North Quadrangle contains a
relatively thin cratonal section of Paleozoic sedim entary rocks,
we refer to the m id dle Cambrian carbonates here as th e Muav
Lim estone. The M u av Lim estone was su b d ivid ed into three
units. From Wallace et al. (2005).

ng o f d ips suggests th a t this
n tecto n ic T hum b m em ber of

li

Tc

Muav Limestone, Unit 5 (Late Cambrian) Equivalent
to the u p p er part of the Banded M ountain M em ber

h an no n , 1984; Beard, 1996).

or the Bonanza King Formation, although the beds equivalent to
th e u p p e r m o s t B a n d e d M o u n t a in M e m b e r h a v e b e e n
sd (iate to m iddle Miocene)

e ro s io n aily re m o v e d an d are m arked by th e su b -D ev o n ian

-gray very fine- to fine-grained
ite rc a la te d w ith in T hg w and

u nconform ity. Forms p ro m in e n t bench. Light gray, burrow m o ttled dolo m ite o verlain by m e d iu m gray b urro w -m ottled

id a lt e r e d to c la y m in e ra ls ,

d o lo m ite and in te r b ed s o f lig h t g ra y to w h ite c ry p ta lg a l

ss fro m - 3 0 cm to 1 m. From

dolomite. Total thickness is -3 0 0 m. From Brady et al. (2002).
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Quadrangle 1971
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Total thickness is -1 4 0 m. From Brady et al, (2002).
UNCONFORMITY

Muav Limestone, undierentiated (Late to Middle
C am brian) The m id d le C am brian M uav Lim estone
ind e t al., 1990) is th e thickest and most p ro m inent
unit w ith in th e cratonal stratigraphie section of the

Ttu

T ig b

Ttu

nyon re g io n . W ith in th e s h a llo w passive m a rg in
o f southern and central Nevada, th e Bonanza King
n is t h e e q u iv a le n t o f th e la rg e ly c ra to n a l M u av

T*8

. Because the Meadview North Quadrangle contains a
hin cratonal section of Paleozoic sedim entary rocks,
) th e m iddle Cam brian carbonates here as th e Muav
3. T h e M u av Lim esto n e w as su b d ivid ed into th ree
n Wallace et al. (2005).
T»
Muav Limestone, Unit 5 (Late Cambrian) Equivalent
to th e tipp er part of the Banded M ountain M em ber
anza King Formation, although the beds equivalent to

Ttgw I
Ttpf I

îr m o s t B a n d e d M o u n t a in M e m b e r h a v e b e e n
ly re m o v e d and are m a rk e d by th e su b -D e v o n ia n
m ity. Forms p ro m in e n t bench. L ig h t gray, burro w lo lo m ite overlain by m e d iu m gray b u rro w -m o ttle d
! a n d in te rb e d s o f lig h t g ra y to w h ite c ry p ta lg a l
Total thickness is -3 0 0 m. From Brady et al. (2002).
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